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ABSTRACT 
The effect of the introduction of a hydrothermal environment on 
the strength characteristics of quartz and olivine single crystals 
has been investigated, with particular emphasis on the diffusion 
rates and solubilities of the hydroxyl species that appear to be 
associated with the water- weakening of the crystals . The diffusion 
coefficient of the hydroxyl species giving rise to the broad 
isotropic absorption band in the 3 micron region of the infrared 
spectrum of hydrothermally treated quartz has been determined to lie 
- 12 - 11 2-1 o . 
in the range 10 to 10 ms at 875 C, 1500 to 2000 MPa confining 
pressure and with the oxygen fugacity around the specimen constrained 
near the Cu/Cu2o oxygen buffer ; the corresponding solubility for the 
broad band species under the same conditions was determined to be 
approximately 1000 H/106si . Heat treatment experiments at 1500 MPa on 
an initially weak "wet" synthetic quartz crystal resulted in a slow 
strength increase of the specimens with a parallel decrease in the 
broad absorption band at lower wavenumbers ( -1 ) near 3000cm , 
indicating that the initial weakness of synthetic quartz is not 
stable against heat treatment at high pressure . On the basis of these 
observations a model for the hydrolytic weakening phenomenon has been 
proposed, in which the solubility of the diffusing/weakening hydroxyl 
species is correlated with the concentration of some water-derived 
ionic species in the free water phase around the specimen during 
treatment; the model predicts that the synthetic quartz weakness is 
not the same as the induced "hydrolytic" weakness at high pressure . 
Similar hydrothermal treatment experiments have been performed on 
single crystals of San Carlos olivine at 1100 to 1300°c , 300 and 
1 500 MPa confining pressure, and with the oxygen fugaci ty around the 
specimen constrained near the Fe/FeO oxygen buffer . The diffusion 
coefficients for the hydroxyl species giving rise to the sharp and 
broad band features in the infrared spectrum of hydrothermally 
treated olivine have been determined - 10 2 - 1 to be faster than 10 m s 
under all pressure and temperature conditions tested; the solubility 
for the hydroxyl species seemed to vary widely between crystals but 
showed little variability for specimens from the same crystal over 
the temperature range · investigated at 300 MPa confining pressure. 
Subsequent deformation of hydrothermally treated olivine single 
crystals at 1300°c, 300 MPa confining pressure and - 5 -1 10 s strain 
rate indicated strength reduction by a factor of 2 to 3 due to 
treatment in a hydrous as opposed to an anhydrous environment. 
Preliminary microstructural investigations suggest that this effect 
is due to enhancement of the rate of climb of dislocations in the 
"wet" experiments. First order calculations on the basis of the 
limited experimental data available plus the published results of 
Poumellec and Jaoul (1984) suggest a stress exponent of n ~ 2.5, and 
a water fugacity exponent of m ~ 1/5, assuming power law creep to be 
the operative deformation mechanism under these conditions . 
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CHAPTER 1 
INTRODUCTION 
In the last 20 years there have been great advances in the study 
of the behavior of geologically-derived materials under conditions 
approximating or extrapolatable to those expected in geological 
environments . In particular, the influence of the partial pressures 
of the various fluid phases likely to occur in reasonable 
concentrations in lower crustal and upper mantle conditions has been 
the subject of many studies since the discovery of the phenomenal 
weakening of single crystal quartz due to the presence of water at 
high pressures and temperatures (Griggs and Blacic, 1965; Blacic, 
1971). The more recent experiments have concentrated on the effect of 
water-derived defect structures on the strength characteristics of 
"wet" synthetic single quartz crystals ( regarded as a low pressure 
analogue of hydrolytically weakened "dry" natural quartz; see Linker 
et al., 1984, for a review), and polycrystals of quartz (see e.g. 
Mainprice and Paterson, 1984), olivine (see e.g. Chopra and Paterson, 
1984; Karato and Paterson, 1984), and some feldspars (see e.g. Tullis 
and Yund, 1980). The results of the polycrystal experiments are 
generally somewhat ambiguous due to the difficulty in discriminating 
between intra- and inter- granular flow properties . Consequently it is 
desirable to supplement these studies with experiments on the 
behavior of single crystals of the same material under similar 
conditions, despite the questionable relevance of single crystal 
studies to deformation in a geological context . Only in this way is 
it possible to characterise fully the flow properties of crustal and 
2 
mantle materials . 
Extrapolation from laboratory to geological conditions, with 
about five orders of magnitude difference in the deformation rate, 
relies on similar creep mechanisms opera ting in both environments, 
usually tested by comparing microstructures from experiments and the 
field. This is rather difficult for materials relevant to the upper 
mantle which generally have microstructures which have been either 
annealed out during partial melting and/or overprinted by lower 
temperature deformation features on their path to the surface. This 
makes it extremely difficult to determine the sort of deformation 
mechanisms likely to be operative in the lithosphere and upper 
asthenosphere . However, a first approximation can be obtained from 
experiments designed to provide environmental conditions around 
specimens of similar composition to those likely to exist in the 
upper mantle that will produce deformation mechanisms that seem 
reasonable from other observational and theoretical considerations. 
Al though much more is known of the microstructural aspects of 
crustal deformation, the mechanism maps are still only poorly 
constrained, due partly to difficulties with geophysical 
extrapolation and partly to the poor understanding of the effects of 
parameters such as the water fugacity on the strength of crustal 
materials . Although many experiments have been performed, 
particularly on quartz single crystals and polycrystals, the nature 
of the water-derived defect structures in quartz and how they affect 
the strength are still poorly understood. In fact, the original 
experiments that established the intracrystalline water weakening 
phenomenon may not be at all relevant in a geological context, where 
other , even less understood mechanisms may be operative . 
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Clearly there are many questions hat remain to be answered with 
regards to the influence of chemical environment on the deformation 
of geologically- derived 
geophysical processes . 
materials 
Critical 
and 
amongst 
their applicability to 
these is a keener 
understanding of the nature and behavior of the water- derived 
intracrystalline defects that are known to anomalously weaken quartz 
and , to a lesser extent , olivine single crystals . In an attempt to 
achieve that aim , measurements have been made of the rates of 
diffusion and the equilibrium concentrations of hydroxyl defects in 
both quartz and olivine , and deformation experiments have been 
performed to monitor the effects of the introduction of such defects 
on the strength . In this way interesting parallels and disimilarities 
between the effects of a hydrous environment on the strength 
properties of the two mate r ials have been observed , leading to a 
better , at least qualitative , understanding of the behavior and 
nature of the hydroxyl defects . Also, the relevance of the synthetic 
quartz analogues to the water weakened natural quartz has been 
carefully investigated , indicating some cause for caution in drawing 
parallels . 
In the following the terms "water" and "hydrous" refer to any 
water - related species that may be involved in the phenomena being 
studied without specific identification of that species . The term 
"hydroxyl" refers to any species identified by infrared absorption in 
the 3 micron region . 
CHAPTER 2 
EXPERIMENTAL TECHNIQUES AND APPARATUS 
Infrared Spectroscopy 
Introduction 
-1 The region 4000 to 2800cm of the infrared spectrum of quartz is 
effectively free of absorption features other than hydroxyl bands, 
with only weak bands near 3200 -1 and 3300cm due to overtone or 
combination Si-0 vibrations (Fig. 2-1a). Although the background 
absorbance at wavenumbers below 3500cm- 1 in the infrared spectrum of 
olivine increases with decrease in wavenumber, the only superimposed 
-1 bands in the range 4000 to 2800cm can be attributed to hydroxyl 
(Fig. 2-1b). The 0-H absorption bands for both materials can be 
divided into two types: 
1) The sharp band hydroxyl gives rise to absorption bands that are 
anisotropic and have half widths of 10 to -1 50cm (Fig. 2-1), 
indicating well defined structural sites for hydrogen in terms of 
energy and bond angle with respect to the crystallographic axes. The 
sharp bands are generally observed -1 in the range 3400 to 3700cm and 
are usually associated with cation defects (Kats, 1962; Kats et al., 
1962; Aines and Rossman, 1984). 
2) The broad band hydroxyl gives rise to an isotropic broad 
-1 
absorption band centered near 3400cm with a half width of several 
hundred wavenumbers (Fig. 2-3). This band is similar to, though 
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Fig. 2-1: Room temperature infrared absorption spectra of untreated 
specimens of: 
a. a clear natural quartz crystal N2, and 
b. San Carlos olivine crystal SC2, with the infrared beam parallel to 
the specimen.£ axis in both cases. 
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broader than, the 3 micron absorption band of water ( Fig. 2-2 ) , a nd 
indicates a wide range of 0-H bond energies . The isotropic nature of 
the broad band in the · infrared spectra of both quartz and olivine 
suggests a wide range of angles of the 0-H bond with respect to the 
crystallographic axes. Unlike the 3 micron broad band in the 
spectrum of water, the broad bands in quartz and olivine do not 
necessarily give rise -1 to peaks near 3200cm , characteristic of the 
spectrum of ice (Fig . 2 - 2), at specimen temperatures near 77K . The 3 
micron region of the infrared spectrum is also characterised by 
absorption due to vibrations of C-H bonds, with strong bands in the 
-1 
range 2800 to 3100cm . Consequently, the use of organic compounds, 
such as epoxy- based glues , in the preparation of specimens for 
infrared analysis is undesirable . 
Apparatus 
Infrared absorption spectra were recorded using a Pye Unicam 
SP3 - 200 ratio recording spectrophotometer with computer control and 
data acquisition . The spectra were measured with unpolarised 
radiation and were expressed as absorption coefficient , K, versus 
wavenumber, v. 
Cracked specimens were dried under a diffusion pump vacuum of 
about 10-3 Pa and, in a number of cases, simultaneously heated to 
approximately 150°c for a period of at least 6 hours, and then 
impregnated under rotary pump vacuum with hexachlorobutadiene 
(c4c16 ), a liquid of similar refractive index to quartz and of 
negligible absorption in the infrared region of interest here, in 
order to minimize light scattering or reflection from the cracks . 
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Fig. 2-3: Room temperature infrared absorption spectra of specimen 
N2#29, i) before heat treatment, ii ) after heat treatment under 
hydrous conditions at 900°c and 1500 MPa confining pressure for 
4 hours, and iii) the difference spectrum of the introduced hydroxyl, 
derived by subtracting the spectrum before heat treatment from that 
after treatment and correcting for the additional light scattering 
due to cracks in the specimen produced during the experiment. The 
infrared beam was parallel to the c crystallographic axis for both 
spectra. 
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Low temperature spectra were taken of most specimens, with the 
sample fixed to the cold finger of the liquid nitrogen dewar in a 
cryostat with CaF 2 windows, to check for a water component of the 
broad band hydroxyl , as at low temperatures water will freeze to give 
- 1 
the characteristic ice peaks near 3200cm in the infrared spectrum . 
To prevent precipitation of water on either the specimen or the 
windows the sample chamber in the cryostat was evacuated using a 
rotary pump prior to filling the dewar with liquid nitrogen, to 
reduce the water concentration around the specimen and retard the 
cooling of the oute r wall of the cryostat resulting from thermal 
conduction from the liquid nit rogen dewar. 
Spectral Analysis 
In order to compare the spectra from untreated and heat treated 
specimens in respect of hydroxyl absorption (Fig . 2- 3) , the 
additional background f or the latter specimens was subtracted by 
- 1 - 1 
matching the two spectra at 4000 to 3800cm and below 2800cm and 
assuming the additional background to vary linearly in between . The 
slope of the additional background thereby inferred for heat treated 
specimens was very small , probably independent of wavelength within 
experimental error and suggestive of an absorption by opaque material 
in the cracks or of losses by internal reflection at the cracks . The 
additional background would then arise from an effective screening of 
the beam by the projected fractional area, f, of the reflecting 
cracks and opaque material, according to the relation f = 1 - 10-KT, 
where K is the apparent absorption coefficient due to the screening 
for a specimen thickness, T. The additional background for the heat 
treated specimen in Fig . 2-3 corresponds to about 15% screening of 
the beam, roughly consistent with the visual estimate of the 
9 
projected area of cracking. 
Quantitative evaluation of the concentration of the introduced or 
removed hydroxyl was done using the equation proposed by Paterson 
(1982) for quartz and other silicates, 
C = _1_ J K ( v ) _ d v 150y 3780 - v in mol H/1 ( 2-1) 
where K(v) is the absorption coefficient of the species at 
wavenumber, v, and y is an orientation factor, accounting for the 
orientation distribution of the OH groups . For the isotropic broad 
absorption band in both quartz and olivine, y = 1/3 was assumed. 
Calculation of the hydroxyl concentration due to the sharp bands was 
made by fitting a straight line across the base of the bands and 
integrating above this line over the appropriate wavenumber range. 
The approximate orientations of the 0-H bonds giving rise to the 
sharp bands in quartz and olivine were determined by rota ting the 
specimens in the unpolarised infrared beam to find the direction of 
minimum absorbance for each band . For the beam direction 
approximately perpendicular to the axis of the 0-H bond y = 1 /2 was 
assumed . 
Diffusion Profiling 
The diffusion profile parallel to a given crystallographic 
direction was determined in a sequence of steps in each of which a 
layer of 50 to 200µm thickness was ground from a specimen face 
perpendicular to that direction, the face repolished and, if the 
specimen was cracked, redried and reimpregnated 
Subsequently, the absorption spectrum was remeasured as described 
10 
above, the infrared beam being directed to pass through the central 
portion of the repolished faces. The sequential removal of layers was 
gene rally continued from one side of the specimen until a total 
thickness of about 1 . 5mm had been removed and then a similar sequence 
of layers was removed from the other side of the crystal, permitting, 
in effect, two determinations of the diffusion profile. 
After each stage in the sequential thinning of the specimen the 
spectrum of the untreated material was subtracted from the measured 
spectrum, displaced so as to match the background levels at 4000 to 
-1 -1 3800cm and below 2800cm , as described in the previous section. 
The resultant difference spectrum, K(v), characteristic of the 
species being profiled, was analysed to determine the mean 
concentration c(xA,xB) of hydroxyl in the remaining portion of the 
specimen , where XA was the thickness that had been removed from the 
first face (A) and XB that removed from the second face ( B). The 
derivation of c from K(v) was done with the aid of the relation 
(2-1) which, changing from mol H/1 to H/10 6si and putting y = 1/3 for 
broad band hydroxyl diffusion gives 
= 452 J K(v) 
3780 - v 
-dv ( 2-2) 
The difference in successive c values can be used to obtain the 
hydroxyl concentration in the layer just removed, which gives 
directly the diffusion profile when plotted against the distance of 
the layer from the surface . The diffusion profile can then be fitted 
by a model profile in order to obtain the diffusion coefficient and 
other parameters . Al terna ti vely, a more indirect fitting procedure 
can be used whereby the model profile is first integrated and then 
fitted to the plot of c versus thickness removed. The latter 
procedure has the disadvantage that it involves assuming initially 
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the form of the model profile on both sides of the specimen, whereas 
in the first procedure the profiles on each side can be analysed 
independently, but the experimental scatter is less emphasized in the 
c plot compared with the higher degree of scatter that appears in the 
diffusion profile itself through the differencing procedure. Of 
course , the same inherent errors are present in both and the two 
procedures are equivalent. 
Since in these experiments the diffusion profiles on opposite 
sides of the specimen die out before overlapping at the center, it is 
possible to fit a Fick' s law solution for diffusion in a 
semi-infinite slab with fixed concentration at the surface as the 
model for fitting to the observations. The solution (Carslaw and 
Jaeger, 1959, p . 60; Crank, 1975, p.32), adapted to the finite slab, 
is 
( 2 - 3) 
where c(x) is the concentration at a distance x from the reference 
face, c0 is an initial or superimposed uniform concentration, cs is 
the maximum or fixed concentration at the two surfaces, X is the 
initial thickness of the slab, D is the diffusion coefficient, t is 
X- x 
are the complementary error the elapsed time and erfc X --, erfc 
2rnt 
functions referring to the profiles on the two sides , only one of 
which is ever significantly different from zero at any given x . Then 
we have 
c(xA,xB) = ~-1~-
X-x -x A B 
c(x)dx (2-4) 
as the expression for the mean concentration in the remaining 
thickness, corresponding to the observations (2 - 2) . Substituting 
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(2-3) into (2-4), carrying through the integration and neglecting 
small terms under the condition that xA and xB are less than X/2 
gives the model value 
X ;; 
A 
2v'Dt 
XA 
erfc --
I -x! 
lexp - + 4Dt 
X ;; 
B 
2v'Dt 
erfc 
2 
-x 
B 
exp --
4Dt 
( 2-5) 
By obtaining an optimum fit of (2-5) to the observations (2-2), or of 
( 2-3) to the experimental diffusion profile derived from the 
observations, we can obtain a set of values of D, cs and c
0
• With 
these values, the best-fit diffusion profile can be recalculated 
using (2-3). The goodness of fit has been measured by the standard 
deviation o of the experimental values from the model values ( for 
example, (2-2) from (2-5)), and the uncertainty in each of the 
derived parameters D, cs and c0 has been obtained by determining the 
amount by which it would have to depart from its optimum value in 
order to double the standard deviation a. Represen ta ti ve profiles of 
c and c as functions of xA 
cs= 1000 H/106Si, c0 = 0 H/10
6
si, 
shown in Fig. 2-4. 
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Fig. 2-4: a. Theoretical mean concentration of hydroxyl remaining in 
a specimen as a function of xA, the distance from the first face 
sectionned, and 
~' 
the distance from the second face, utilising 
(2-5) and the indicated diffusion parameters. 
b. Theoretical concentration profile of hydroxyl in the 
specimen as 
parameters. 
a function of and for the same diffusion 
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Experiments at 300 MPa Confining Pressure 
Introduction 
The plastic flow stresses for quartz and olivine can only be 
determined under conditions where there is an adequate confining 
pressure to suppress deformation by brittle mechanisms, such as crack 
propogation and macroscopic shearing (these mechanisms are not likely 
to contribute significantly to lower crustal or upper mantle flow) . 
At the same time high accuracy in stress determination and the 
requirement for high homologous temperatures can best be provided by 
a deformation apparatus employing an inert gas confining medium and 
an internal load cell. 
Apparatus 
All 300 MPa heat treatment and deformation experiments were 
performed in one of two high pressure gas medium deformation 
apparatus, which are essentially as described by Paterson (1970) and 
Chopra ( 1 980) . 
The furnace used for the 300 MPa experiments was designed by 
Dr M. S . Paterson (Fig . 2 - 5), and although similar to that used by 
Chopra (1980), with two independently controlled molybdenum windings, 
has had several major modifications in the interim: 
1) A single cylinder of alumina-silica fibrous ceramic A (Fig. 2-5) 
was used as insulation around the furnace cores B, with the cylinder 
split lengthwise into three pieces to facilitate assembly. The 
interfaces between these components and between the alumina-silica 
insulation and the alumina furnace cores and spacers were lined with 
15 
Fig. 2-5: Schema tic diagram of the furnace and jacketed piston and 
specimen assembly for the 300 MP a gas medium apparatus (Paterson , 
1970) . The thickness of the jacket and the steel and alumina sleeves 
lining the furnace wall have been exaggerated for clarity . The 
components in the diagram are : A, the alumina-silica insulation 
ceramic; B, the two independent molybdenum wound furnace cores ; C, 
the soft alumina paper which was used to line the space between the 
inner alumina components and the outer insulation ; D, a steel liner 
designed to prevent the egress of gas between the inner alumina 
components; E , an alumina sleeve , and F, an interlocking steel sleeve 
arrangement, both designed to prevent circulation of hot gas to the 
top end of the furnace; G, the alumina loading pis tons; and H, the 
full-length steel jacket, sealed at top and bottom with 0-ring seals . 
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soft alumina paper C to reduce the possibility of convective pathways 
for gas at elevated temperatures. 
2) A thin-walled steel liner D was used inside the furnace cores to 
prevent the egress of gas through the interfaces between the alumina 
cores and spacers at elevated temperatures. 
3) Above the upper steel sleeve and around the upper part of the 
specimen and top alumina piston, an alumina sleeve E fitted snugly 
between the furnace walls and the jacket, reducing possible upward 
pathways for the flow of hot gas. 
4) Above the alumina sleeve, an interlocking steel sleeve arrangement 
F was used to prevent circulation of gas and hence limit convective 
heat losses to the top of the furnace. This was designed so that at 
high temperature the lower end would seal against the furnace wall, 
while the upper end utilised an 0-ring seal to prevent upward flow of 
gas around the jacket. 
Specimen tempera tu res during heat treatment and deformation were 
determined using a moveable alumina-insulated Pt/Pt13%Rh thermocouple 
in the bore of the upper alumina piston. The claimed accuracy of 
similar commercially available thermocouples is +O. 25%, 0 or +3 C at 
1300°c. Accurate and highly reproducible temperature profiles were 
measured along the full length of the alumina piston assembly, using 
a hollow alumina "dummy" specimen, before and after each suite of 
deformation experiments. During the calibration experiments the ratio 
of powers to the two furnace windings was varied to obtain minimal 
thermal gradients along the specimen. Consequently, experiments could 
be performed on specimens of quartz and olivine with tempera tu res 
known to +10°c and thermal gradients along the length of the specimen 
0 
of less than 3 C. 
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Confining pressure was measured using a coil of manganin wire, 
suspended in a container connected to the pressure vessel, giving a 
nominal accuracy of +0 . 3 MPa . However, the insensitivity of the 
mechanical pressure servo-control system gives rise to real 
fluctuations of about 3 MPa during experimentation. 
Specimen load was measured by means of an internal load cell 
constructed from four electric resistance strain gauges forming the 
arms of a Wheats tone bridge (Paterson, 1 970). Such a sys tern allows 
determination of specimen load to better than +5kg (Schmid, 1976). 
Although a number of the early quartz deformation experiments in this 
study were jacketed using a short copper sleeve around the specimen 
assembly and the ends of the alumina pistons (Paterson et al., 1982), 
most experiments on quartz and all on olivine were performed with a 
steel jacket H (Fig. 2-5) covering the full length of the alumina 
loading pistons G and specimen assembly and sealed with 0-rings at 
the top and bottom (Paterson et al., 1982). Corrections to the load 
for the strength of the jacketing material were determined from 
experiments performed at the same conditions on similar assemblies 
but with a weak "dummy" specimen. Details of the corrections for 
individual assemblies are given in the discussions for quartz and 
olivine deformation . 
The specimen strain was calculated from the displacement of the 
loading cross-head using a Schaevitz linear variable differential 
transformer (LVDT). For the number 2 rig, used in this study for 
experiments on olivine single crystals, corrections to the 
displacement for apparatus distortion were determined by Chopra 
( 1980, Appendix 2), giving, for example, an apparatus distortion of 
0 . 16mm for a load of 1000kg at 1200°c and 300 MPa confining pressure. 
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The number 1 rig was used predominantly for the study of quartz and 
so the apparatus distortion was calibrated to a load of 4 tonnes 
using a specimen prepared from a clear natural "undeformable" quartz 
single crystal . From this calibration the apparatus distortion was 
calculated as 0 .1 2mm for a load of 1000kg at 900°c and 300 MPa 
confining pressure. 
Data Reduction 
Initial output from the deformation experiments was in the form 
of curves of load and displacement as functions of time. These were 
digitised and subsequently analysed using a Fortran program written 
by R.S. Coe and since altered and expanded by P.N. Chopra. This 
computer program was designed to make corrections to the load profile 
for jacket load and changes in cross sectional area as a function of 
strain, and to the displacement profile for apparatus distortion, 
yielding stress/ strain curves for the specimen under the conditions 
of deformation. 
Experiments at 1000 to 2000 MPa Confining Pressure 
Introduction 
It has been observed that on a laboratory timescale the 
"hydrolytic weakening" phenomenon cannot be induced in clear natural 
quartz 
Tullis, 
at confining pressures 
1979; Kekulawala et 
below 
al . , 
1000 to 1200 MPa (Hobbs and 
1 981 ) . Consequently, an 
investigation of the defects associated with the weakening of dry 
natural quartz would be facilitated by performing experiments under 
2 0 
conditions of high confining pressure. The simultaneous requirement 
for high temperatures limits such experiments to apparatus utilising 
a solid pressure medium, such as talc or NaCl, with internal graphite 
or metal-foil heaters. This also allows experiments to be conducted 
in the a-quartz field, which is the structural state of quartz in 
most geological environments. Rheological information may be derived 
for heat treated specimens from subsequent deformation experiments at 
300 MP a confining pressure and similar tempera tu res in a gas medium 
apparatus as described in the previous section. Al though deformation 
experiments can be performed at high pressure and temperature using 
the apparatus design of Griggs ( 1967), such an apparatus was not 
available. In any case the better absolute control of pressure and 
temperature and the reduced cracking of specimens derived from heat 
treatment experiments performed in a piston cylinder apparatus (Boyd 
and England , 1960) was considered to offset any advantages gained by 
in situ deformation. 
Al though most experiments performed at high pressure in solid 
medium apparatus were on specimens of single crystal natural and 
synthetic quartz, several specimens of olivine were also treated in 
order to obtain some measure of the pressure sensitivity of the 
kinetics and equilibrium states for the water/olivine system. 
Apparatus 
The high pressure heat treatment experiments were performed in a 
solid pressure medium single stage piston cylinder apparatus (Boyd 
and England, 1960), situated in the Petrochemistry Group, RSES, ANU . 
An upper ram loads the entire assembly, sealing the water cooling 
system and providing good electrical contact across non- insulated 
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interfaces. A lower ram loads the 5/8 " piston which provides the 
confining pressure around the specimen. All experiments were 
conducted with an upper ram load of about 180 tonnes and, for 
experiments at 1500 MPa confining pressure and utilising a talc 
confining medium, a lower ram load of about 480kg. Although pressure 
fluctuations of ~30 MPa were observed during experiments, the 
absolute accuracy of the pressure around the specimen is probably of 
the order of ~50 MPa. 
The high experimental temperatures were attained by passing a 
current through a cylindrical graphite furnace within the specimen 
assembly ( see Figs. 3-2, 4-2). Represen ta ti ve power settings for a 
thermocouple r~ading of 850°c at 1500 MPa confining pressure in a 
talc assembly were 5.7 volts and 160 amps. Temperatures were 
monitored using a Chromel (90%Ni,10%Cr)/Alumel (95%Ni,5%Al+Mn+Si) 
thermocouple for heat treatment experiments at 1000°C or below, and a 
Pt/Pt10%Rh thermocouple at higher temperatures, with the junction 
situated within O. 5mm of the end of the specimen capsule. Al though 
temperature fluctuations of ~5°c were normal during heat treatment, 
the accuracy of the measured specimen temperature is probably no 
better than ~10°c, based on calibrations of essentially similar 
assemblies using three separate fixed thermocouple junctions spaced 
along the central axis of the calibration assembly . Thermal gradients 
along the length of the specimen assembly were determined in the same 
manner to be less than 10°c. 
A large number of different pathways in pressure and temperature 
space were investigated to attain minimum deviation from hydrostatic 
conditions in cycling to and from the experimental conditions, as 
evidenced by the crack density of the specimens. Initial experiments 
on quartz established that the kinetics of the quartz/water 
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interaction were sufficiently slow so that quenching of either 
pressure or temperature was not necessary to maintain the effects 
induced by prolonged heat treatment at pressure. For this reason 
both increases and decreases in temperature were controlled at 
approximately 10°c/minute, and changes in pressure were controlled at 
about 20 MPa/minute . The pathway to the experimental conditions 
chosen so as to minimise cracking of specimens involved increasing 
both pressure and temperature concurrently at these rates, after an 
initial pressurisation to about 30 MPa to achieve electrical contact 
for the graphite . Returning to ambient conditions involved 
decreasing pressure and temperature along the heating pathway. In 
this way quartz specimens could be kept within the a - quartz field 
throughout the experiments . Other pressure-temperature routes were 
investigated but none were found to provide specimens with lower 
crack densities . 
CHAPTER 3 
WATER-RELATED DIFFUSION AND DEFORMATION IN QUARTZ 
Introduction 
Crustal Environment 
Quartz is one of the major rock-forming minerals and may be found 
as a constituent of many sedimentary, igneous and metamorphic rocks. 
Due to its chemical and physical resistance to weathering it is an 
abundant detrital material and makes up 35 to 50% of the terrigenous 
fraction of sedimentary rocks. Granites, rhyoli tes and the more acid 
igneous rocks contain quartz grains as an original component . Vein 
quartz, derived primarily from quartz in pegmatites, may be the 
source for the clear natural quartz crystals used in many of the 
earlier deformation experiments (Stoiber et al., 1945) . 
In order to examine the comparability between experimental and 
crustal rheologies, it is necessary to estimate the range of 
environmental parameters (temperature , pressure, stress, strain-rate, 
oxygen and water fugaci ties) for which quartz is ductile in nature. 
Continental crustal temperatures derived from borehole measurements 
give estimates of the geothermal gradient ranging from 6 to 36°C/km 
( Hyndman et al . , 1 968 ; Lach en bruch, 1 968 ; Roy et al . , 1 968) . The 
total pressure, derived from an overlying rock column of average 
crustal density (2 . 6 Mgm-3 ), gives a typical geobaric gradient of 
-1 26 MPa km . 
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Stress drop measurements from intraplate earthquakes yield values 
of 10 to 100 MPa for the differential stress (Gay, 1 977; Richardson 
and Solomon, 1 976). Using a theoretical relationship between stress 
and recrystallised grainsize Twiss (1977) has calculated differential 
stresses from 30 to 190 MPa for a number of quartz mylonites. 
Christie and Ord (1980) obtained stresses from 16 to 74 MPa inferred 
from grainsizes, and 50 to 131 MPa from dislocation densities for 
quartz bearing mylonitic rocks from the Coyote Mountain mylonite 
zone. 
Based on the movements of the San Andreas fault (Whitten, 1 956) 
and the warped sediments of Lake Bonneville (Crittenden, 1967), Heard 
(1963) determined a geological strain rate - 14 -1 Of 3 X 10 S • More 
recent determinations by Price (1975) for the buckling stage of fold 
development in indurate and non-indurate sediments gave values of 
faster 
and -7 -1 10 s 
strain rate 
respectively. Schmid 
of -11 -1 3 X 10 S for 
(1975) also calculated a 
the accommodation of the 
displacement of the Glarus Nappe by the underlying calcite mylonite. 
Hobbs (1981 , 1984b) has postulated that the activity of various 
defect species may strongly affect the rheology of quartz . Certainly 
the presence or absence of water has a well documented effect at high 
pressure and temperature (Griggs and Blacic, 1965; Blacic, 1971; Ord 
and Hobbs, 1983). Pore fluids in the crust are generally assumed to 
have water as the main constituent, with the pore fluid pressure 
often assumed to equal the overburden pressure (Fyfe et al ., 1978), 
although in some high grade metamorphic terrains the pore fluid 
pressure has been estimated to be less than this ( Bohlen et al . , 
1980) . Consequently, the water fugaci ty for a given terrain can be 
L 
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determined approximately from the temperature and the overburden 
pressure using the tables of Burnham et al . (1969) . Crustal values of 
the oxygen fugacity are expected to be buffered close to the 
nickel/nickel oxide or quartz/fayalite/magnetite buffers (Rumble, 
1973) giving f 0 - 10-
12 Pa at 650°c (Eugster and Wones, 1962; Myers 
2 
and Eugster , 1983). 
Quartz mylonites have been reported ranging from lower 
Greenschist to lower Amphiboli te metamorphic facies (Wilson, 1975) . 
These phase relationships and the pressure and temperature gradients 
indicate a pressure range of 450 to 600 MP a, a temperature range of 
0 350 to 650 C and water fugacities from 50 to 500 MPa for the ductile 
- 11 - 1 
regime of quartz at geological strain rates of around 10 s . Any 
laboratory modelling of crustal processes must aim at reproducing 
these conditions whilst maintaining the specimen in the deformation 
mechanism field operative under crustal conditions; this is usually 
achieved by increasing the experimental temperature to accommodate 
the increased strain rate (Paterson, 1976) . 
Quartz Deformation 
Quartz grains in naturally occurring rocks commonly show such 
deformation features as und ula tory extinction, deformation lamellae 
and the development of crystallographic preferred orientations, 
commensurate with widespread plastic deformation. Griggs and 
coworkers (Griggs, 1936; Griggs and Bell, 1 938) were the first to 
attempt a laboratory reproduction of these natural microstructures. 
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The fundamental problem in laboratory studies of geological 
materials lies in the use of strain rates at least 5 to 6 orders of 
magnitude faster than expected in nature, while remaining in the same 
deformation regime (Paterson , 1 976; Stocker and Ashby, 1 973) . It is 
usual to accommodate this disparity by increasing the temperature and 
hence the kinetics of the deformation. Griggs and associates in their 
earlier work experimented with temperatures to 800°c and moderate 
confining pressures but failed to produce ductility in their 
specimens. It was not until 1961 that they were able to produce 
optical deformation features in polycrystalline aggregates and quartz 
single crystals in a simple squeezer apparatus (Carter et al., 1964) 
and later in a cubic apparatus (Carter et al ., 1964; Christie et al ., 
1 964) . Despite the use of high tempera tu res and confining pressures 
the flow stresses achieved were still about an order of magnitude 
higher than expected in crustal deformation (Griggs, 1 967) . The use 
of slower strain rates did not appear to help reduce this disparity 
(Heard and Carter , 1968; Blacic, 1971 ). 
The breakthrough came in 1 964 when Griggs and Blacic found that 
the yield stress of natural quartz single crystals was reduced 
greatly if the specimen was deformed in a hydrous environment, 
created in their case, by the dehydration of the talc confining 
medium. This effect was called hydrolytic weakening due to the 
apparent influence of a water-related species on the strength of 
quartz (Griggs, 1967; Blacic, 1971 ) . More recent studies using 
synthetic quartz with variable concentrations of grown-in hydroxyl 
and spanning a wide range of rheological conditions, ( for a recent 
review see Linker et al ., 1984), have demonstrated that above a 
certain temperature, T , 
C 
called the critical weakening temperature, 
there is a marked reduction in strength, which has been shown to 
decrease with increasing hydroxyl concentration and decreasing strain 
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rate (Griggs, 1967; Blacic, 1971; Hobbs et al., 1972). It was also 
demonstrated that after cooling below T 
C 
the quartz specimens 
returned to a strength similar to that of dry natural quartz. 
Deformation experiments in a gas medium apparatus on dry natural 
quartz at 300 MPa confining pressure and up to 1000°C in a hydrous 
environment failed to achieve hydrolytic weakening (Kekulawala, 1978; 
Kekulawala et al., 1981; Mainprice, 1981 ). From experiments in a 
solid medium apparatus, Hobbs and Tullis (1979) found a critical 
pressure for weakening, analogous to 
temperature, of around 1 200 MPa at 800°c 
the 
and 
critical weakening 
-5 -1 10 s . This would 
imply a critical water fugaci ty of about 2300 MP a ( Burnham et al . , 
1 969), compared to fugaci ties between 50 and 500 MPa predicted for 
lower Greenschist to lower Amphiboli te metamorphic facies (Fyfe et 
al., 1978). This suggests that experimental studies must resort to 
water fugaci ties much higher than expected in geological conditions 
in order to achieve low stress ductility in quartz. 
In experiments in solid medium apparatus at similar pressures, 
temperatures and strain rates to the original Griggs-Blacic 
experiments, Ord and Hobbs (1983, 1984) achieved similar low 
strengths for quartz single crystals deformed under hydrous 
conditions, provided in this instance by the addition of 50µ1 of 
water inside silver specimen capsules. Unlike the previous high 
pressure deformation experiments, small quantities of metal or metal 
oxide were added inside the specimen capsule to constrain the oxygen 
fugacity around the sample during deformation. Preliminary results 
were interpreted as indicating a creep rate dependence on oxygen 
fugacity, similar to that predicted by Hobbs (1981 , 1984b), although 
the effects of parallel variation in both the hydrogen and water 
fugacities have not been addressed. 
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Microstructural Studies 
1) Dry Natural Quartz 
Most deformation studies on quartz have utilised specimens 
oriented to favour slip in the a direction in the basal plane, 
<1120>(0001 ), and in the c direction on the prism plane, 
[0001]{1010} , (Christie et al., 1964; Carter et al., 1964; Griggs and 
Blacic, 1964; Heard and Carter, 1968; Balderman, 1974). Optical 
studies on samples apparently deformed at low to medium temperatures 
revealed near-basal deformation lamellae (Christie et al., 1964; 
Carter et al., 1964; Blacic, 1971; Heard and Carter, 1968; McLaren et 
al., 1967) which, by transmission electron microscopy (TEM), Christie 
and Ardell (1974) identified as thin layers of' glass, commonly 
associated with arrays of dislocations, suggesting only limited 
plasticity of the samples. McLaren et al . ( 1 967) , also using TEM , 
observed thin Brazil twins parallel to the basal plane . At higher 
temperatures and slower strain rates there is a change of flow 
mechanism from basal slip only, through basal and prismatic slip, to 
a flow mechanism that results in sub basal and subprismatic lamellae 
(Heard and Carter, 1968). Electron microscope studies on samples 
deformed at high temperatures indicated the presence of dislocations, 
mostly with Burgers vectors b = a and no longer associated with the 
twinning (McLaren et al . , 1 967) . Various al terna ti ve crystal 
orientations have also been studied to investigate alternative slip 
systems (Christie and Green, 1964; Heard and Carter, 1968) . 
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2) Hydrolytically Weak Quartz 
Since the initial experiments that established the hydrolytic 
weakening effect in natural quartz single crystals the predominant 
research on weak quartz has been carried out on synthetic quartz, due 
to the easier attained pressures and temperatures for the weakening 
phenomenon. Unfortunately quartz crystals with sufficient grown-in 
hydroxyl to be readily deformed appear to be rather heterogeneous in 
their internal hydroxyl distribution, apparently due to fluctuations 
in growth conditions (Blacic, 1971; 1975; Morrison-Smith et al., 
1 976; Kekulawala, 1 978; Linker et al. , 1 984). A further drawback in 
experiments at low confining pressures is the formation of bubbles 
due to the dehydration of the samples (Baeta and Ashbee, 1969; 1970 ; 
1973; Kekulawala, 1978; Kirby and McCormick, 1979; Linker and Kirby, 
1 981 ; Kekulawala et al. , 1981 ; Linker et al. , 1 984). This implies a 
state of non-equilibrium for hydroxyl in the crystals during 
deformation (Jones, 1975). The removal of hydroxyl from the structure 
into bubbles may also decrease the recovery rate of the crystal and 
cause the pronounced work-hardening observed by some researchers 
(Jones, 1975; Kirby and McCormick, 1979). 
For temperatures below the critical weakening temperature Blacic 
(1975) reported slip in the system <1120>(0001) associated with 
optical deformation lamellae and undulatory extinction (McLaren et 
al. , 1970 ; Morrison-Smith et al . , 1976) . Using TEM Morrison- Smith 
observed clusters of dislocation loops around growth microinclusions 
and banding of tangled dislocations associated with lamellae . He 
postulated that the microinclusions might act as sources for 
dislocation multiplication. 
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At higher tempera tu res Blacic ( 1 975) reported dominantly penci 1 
glide in the [0001] direction while Morrison-Smith et al. (1976) 
found evidence for slip in the [ 0001] and <2110> directions in the 
slip planes {1010} and {1011 }. Electron microscopy revealed that the 
dis locations were more curved and intertwined at higher tempera tu res 
and formed many small isolated loops and dipoles with occasional 
networks (Morrison-Smith et al. , 1 976). The dislocation density was 
also reduced by 1 or 2 orders of magnitude, perhaps due to an 
increase in the occurrence of cross-slip and climb (Baeta and Ashbee, 
1 973). 
Hydrolytic Weakening Mechanisms 
1) Frank-Griggs Mechanism 
In order to explain the hydrolytic weakening phenomenon, Griggs 
and Blacic ( 1965) invoked a theory originally postulated by Brunner 
et al., ( 1961) to explain the infrared spectrum of quartz in the 
3 micron region. This involves the hydrolysation of the Si-0- Si 
bridges in quartz to give two hydrogen bonded silanol groups, 
Si-OH: HO-Si. Griggs and Blacic suggested that the obvious site for 
ionised H20 in quartz would be along the alternating Si-0 - dangling 
bonds of a dislocation line. At high enough temperatures they 
proposed that the silanol groups, moving with the dislocation, would 
hydrolyse the Si-0- Si bridges ahead of the dis location . As hydrogen 
bonds are approximately an order of magnitude weaker than Si-0 bonds 
(Pimental and McClellan , 1960), this would account for the similar 
reduction in strength due to water weakening of their specimens. 
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In this model less than one-thousandth of the available hydroxyl 
was required to take part in dislocation motion for a crystal with a 
dis location density of 1 o9 cm - 2 (McLaren et al. , 1967). Consequently 
the Griggs and Blacic model was considered to be inadequate to 
explain the observed relationship between critical weakening 
temperature and water concentration. However, Kekulawala ( 1978) and 
Kekulawala et al. ( 1981 ) have shown that only part of the hydroxyl 
giving rise to the 3 micron absorption bands in the infrared spectrum 
may be associated with the weakening phenomenon. Also, the recent 
observations of Aines and Rossman (1984) appear to suggest that much 
of the hydroxyl present in the "wet" synthetic quartz crystals is in 
the form of small aggregates of water, so that only a small fraction 
of the total hydroxyl may participate in the weakening while the 
remainder acts as a reservoir. It is also conceivable that these 
proposed aggregates may act as dislocation nucleation sites 
(Morrison-Smith et al., 1976). 
As an al terna ti ve description of this phenomenon, Griggs ( 1967) 
proposed the Frank-Griggs model for hydrolytic weakening. He 
suggested that "dislocations might move by kink migration and that 
the kinks would develop and move under low shear stress only when 
adjacent Si-0-Si bridges 
dislocations would move 
became hydrolysed" . In 
by exchanging hydrogen 
this 
bonds 
way, 
with 
neighbouring hydrolysed bridges. The rate limiting step would be the 
hydrolysation of the adjacent bridges, which would depend on the 
diffusion of water and the decomposition of other hydrolysed bridges, 
both thermally activated processes (McLaren and Retchford, 1969) . Due 
to the random migration of water in the crystal, the hydrolysation of 
the Si-0-Si bridges would not be uniform along the dislocation, 
causing the curvature observed by Morrison- Smith et al . (1976) . 
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Electron microscope observations on synthetic quartz deformed in 
a solid medium apparatus (Griggs, 1967) at 1000 to 1500 MPa confining 
pressure, 300°c and 10-5s - 1 strain rate (McLaren and Retchford, 1969) 
d t (10 11 revealed a very high dis location ensi y to 1 0 1 2 cm - 2 ) , 
suggesting rapid work- hardening in regions assumed by Griggs ( 1 967) 
to be elastic . McLaren and Retchford (1969) proposed that for 
temperatures less than T rapid dislocation multiplication caused the 
C 
high work-hardening and consequent large apparent elastic strain 
observed by Griggs in natural quartz prior to yielding . For 
temperatures greater than T they found evidence for recovery which 
C 
was critically dependent on the hydrogen concentration in the 
crystals . On this basis, they presented a hydrolytic weakening model 
based on T as the temperature at which recovery balances 
C 
work- hardening . In contrast to Grigg's model for enhanced dislocation 
glide, McLaren and Retchford (1969) proposed that the trapping of 
water molecules at dislocations increased the diffusion rates for 
silicon and oxygen, promoting dislocation climb and speeding recovery 
rates . 
The similarity of the stress- strain curves of Hobbs et al. (1972) 
to those obtained for diamond structure materials and alkali halides 
(Nabarro et al . , 1964) led them to apply the microdynamical theory of 
Alexander and Haasen (1968) to quartz. The theory is based on a model 
having specific laws for dislocation velocity, dislocation 
multiplication and work-hardening, 
s = pbv 
where pis the dislocation density, bis the Burgers vector and vis 
the dislocation velocity . Due to the limited data available on the 
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behavior of quartz only a qualitative understanding of its 
deformation could be achieved . Al though the theory was successful in 
modelling such factors as the initial dislocation density and the 
yield drop phenomenon, it failed to make provision for variation in 
hydroxyl content and did not specifically model recovery processes . 
Following the suggestion of Hobbs et al . (1972) , Griggs (1974) 
modified the microdynamical theory to include the role of hydroxyl . 
He claimed that " the rate controlling pr ocess in hydrolytically 
facilitated slip is dislocation growth which requires either ' radial ' 
diffusion of water to the newly growing dislocation segment or ' core ' 
diffusion , in which water diffuses parallel to the dislocation line 
to permit creation of a new segment ". In order to overcome the 
problem of insufficient work- hardening predicted by the original 
microdynamical theory , he invoked a water- exhaustion work- hardening 
effect for increasing dis location density . Al though Griggs simulated 
the stress - strain curves of Blacic (1971 ) , Hobbs et al . (1972) 
(orientations 0 + 
' 
lm , c) and Balderman ( 1974), he failed to model the 
Hobbs et al . ( 1 972) data for the lr orientation, and required an 
-
unrealistic value for the initial dislocation density (108 cm- 2 ) in 
his computations (c . f . 103cm- 2 for the initial dislocation density in 
undeformed quartz observed by Morrison- Smith et al. , 1 976) . Al though 
this model appears to explain some of the stress-strain data, it does 
not account for much of the observed phenomena (McLaren and 
Retchford, 1969 ; Morrison- Smith et al . , 1976; Kirby and McCormick, 
1979; Blacic and Christie, 1984) . 
On a more fundamental level , however, there is some doubt about 
the legitimacy of the fundamental Si - OH : HO-Si defect in these 
descriptions . Kirby (1981) suggests that if such a defect existed it 
would probably give infrared absorption bands at higher wavenumbers 
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than are observed . He further doubted that the severe disruption to 
the articulation of the SiO 4 tetrahedra due to hydrolysa tion of the 
linking Si-0-Si bridge would be readily accommodated by the quartz 
structure . 
An al terna ti ve mechanism for the formation of the silanol groups 
in quartz was proposed by McLaren et al . (1983), based on their 
observations of the kinetics of water precipitation in low 
temperature experiments on synthetic quartz specimens . They proposed 
that hydrogen compensated silicon vacancies previously 
identified in quartz using electron paramagnetic resonance (EPR) 
techniques (Nuttall and Weil , 1980), would aggregate at high 
temperature and low pressure forming water bubbles ; any overpressure 
in the bubbles would be compensated by pipe diffusion of Si and 0 
along associated dislocation loops . This (4H)Si model provides a 
hydroxyl defect that can account for the precipitation effects in 
"wet " synthetic quartz and can provide a mechanism for water 
weakening analagous to the Grigg' s model, but would not cause the 
severe disruption to the quartz structure that is expected for the 
Frank- Grigg' s dimer . However, previous measurements of the infrared 
spectra of hydrogarnets containing high concentrations of hydrogen 
compensated silicon vacancies ( Cohen- Addad et al . , 1 967; Harmon et 
al . , 1982) indicated that the room temperature infrared spectrum of 
isolated ( 4H) Si defects is dominated by a sharp band near 3660cm - 1 , 
not seen in the spectrum of quartz single crystals . This suggests 
that either the nature of the hydroxyl bonds for this defect in 
quartz is markedly different, or that the hydrogen compensated 
silicon vacancies are not the dominant hydroxyl defect in quartz . 
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2) Hobbs-Hirsch Mechanism 
All previous models have discussed hydroxyl defects that take an 
active role in the deformation of quartz, through interactions with 
moving dislocations. Alternatively, Hobbs (1981, 1983, 1984b) and 
Hirsch (1981) have considered the effect of the introduction of 
charged defects on the concentration of other charged defects within 
the crystal, and in 
properties of quartz. 
discuss the effect 
turn on the high temperature mechanical 
In particular Hirsch (1981) and Hobbs (1984b) 
of introduced hydroxyl defects on the 
concentration of charged kinks and jogs on dislocations, and on the 
concentration of charged vacancy and interstitial defects, all of 
which may contribute to changes in the rate of deformation. In their 
models an increase in the concentration of negatively charged 
hydroxyl defects will result in an increase in the concentration of 
positively charged jogs on dislocations and a simultaneous increase 
in positively charged oxygen vacancies and silicon interstitials, 
resulting in an increase in deformation rate where the climb of 
dislocations is rate controlling; the hydroxyl will also cause an 
increase in the concentration of positively charged kinks on 
dislocations, accounting for accelerated creep when the glide of 
dislocations is rate controlling. In neither case does the hydroxyl 
defect necessarily participate directly in the deformation process. 
It must also be pointed out that the introduction of positively 
charged defects such as sodium or hydrogen interstitials may also 
accelerate the deformation rate by increasing the concentrations of 
negatively charged jogs along dislocations and negatively charged 
silicon vacancies and oxygen interstitials when the deformation is 
climb controlled, and increasing the concentration of negatively 
charged kinks on dislocations when the deformation is controlled by 
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dislocation glide. Jaoul ( 1984) has observed a weakening effect in 
"dry" Heavi tree quartzite doped with sodium, which he attributed to 
an increase in the concentration of negatively charged kinks on 
dislocations, giving a corresponding increase in the dislocation 
glide velocity and accelerated creep rates. 
These models are as yet relatively untested due to the paucity of 
experimental results that are sufficiently constrained in terms of 
the thermodynamic environment around the specimen during 
experimentation. The preliminary results of Ord and Hobbs (1983, 
1 984) show a dependence of the flow stress on the imposed oxygen 
fugacity in accord with the defect models of Hobbs (1984b), although 
they cannot specifically identify the structure of the hydroxyl 
defect. 
The hydrolytic weakening mechanism remains largely a mystery 
despite almost twenty years of research, with little known of the 
nature of the hydroxyl defect associated with the weakening or of its 
solid state behavior in quartz. By measuring the rate of diffusion 
and the solubility of hydroxyl defects in quartz using infrared 
spectroscopic techniques it was hoped to identify the hydroxyl defect 
causing weakening, so that the Hobbs -Hirs ch models could be 
constrained more adequately and subsequently tested . 
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Experimental Techniques 
Specimen Preparation and Characterisation 
Specimens have been prepared from two quartz crystals, one 
natural and one synthetic . The natural crystal N2 was an 
exceptionally la r ge, optically clear, colorless rock crystal of 
unknown provenance, with well developed crystallographic faces and 
original dimensions of the order of 150mm; infrared analysis gave an 
initial hydroxyl concentration of about 20 H/ 1 o6si associated mainly 
with a sharp absorption band at about 3370cm- 1 (Fig . 3 - 1a) . The 
synthetic crystal W4 was also optically clear and colorless, the same 
crystal as used and described by Hobbs et al . ( 1972) ; the specimens 
were taken from the same Z- growth horizon and were fairly homogeneous 
6 in hydroxyl concentration , with around 100 to 200 H/10 Si associated 
mainly with a broad absorption band (Fig . 3 - 1b) . 
Specimens in the form of 5 x 5 x 1 2mm prisms were cut from both 
crystals using a diamond saw; in addition a number of N2 specimens 
for heat treatment experiments were prepared as 4mm thick, 5mm 
diameter disks using a diamond coring drill . The prismatic N2 
specimens were prepared with the long axis normal to an m (1010) 
plane and the lateral faces normal to the c and a crystallographic 
axes; the disks were prepared with faces normal to the C 
crystallographic axis . The W4 specimens had the long axis at 15° to 
the m plane and 90° to the c axis ( the sense of rotation from t h e 
perpendicular tom is unknown since it cannot be distinguished by the 
Laue procedure used for orienting the crystals ) ; one pair of lateral 
faces was normal to the c axis and the other pair was inclined at 15° 
to an m plane and contained the c axis . In all cases the lateral or 
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Fig . 3 -1: Room temperature i nfrared absorption spectra of untreated 
specimens of : 
a . clear "dry" natural quartz crystal 2 , and 
b . clear "wet" synthetic quartz crystal W4, with the infrared beam 
parallel to the specimen~ a x is in both cases . 
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disk faces were finely polished using alumina powders to O. 05µ m and, 
unless otherwise mentioned, they were subsequently etched for two 
hours at room temperature in either (9 parts 50molar HF to 
1 part 40molar HN03 , 
dissolved in 100ml 
plus MgO) or in later experiments (22g of NH4F 
of 50molar HF) etchant. All specimens were 
prepared with ( 0001 ) faces and all diffusion profiles were measured 
parallel to c as previous diffusion experiments with labelled sodium 
(Frischat, 1970) and labelled oxygen (Choudhury et al., 1965; Giletti 
and Yund, 1984; Dennis, 1984) have established that diffusion in 
quartz is highly anisotropic with diffusion parallel to c being 
several orders of magnitude faster than perpendicular to c (see 
Fig . 3-18). 
Heat Treatment Experiments 
Heat treatment of the specimens was carried out at 1500 to 
2000 MPa and 875 to 975°c in a solid medium piston cylinder apparatus 
of Boyd and England ( 1 960) type, using an assembly with either talc 
or NaCl confining medium and graphite furnace (Fig. 3-2). 
Temperatures were monitored with a Chromel (90%Ni ,10%Cr)/ 
Alumel (95%Ni , 5%Al+Mn+Si) thermocouple with the junction located 
within 0 . 5mm of the end of the specimen capsule, giving temperatures 
accurate to +10°C. Specimens for heat treatment were placed in a 
copper cannister B (Fig . 3 - 2), copper filler pieces C or spacers D 
were added to fill the space between the specimen and cannister, and 
a second cannister A, machined to give an interference fit over 
cannister B was fitted over B, giving maximum overlap of the two 
cannisters . In this way the design of the copper capsule enclosing 
the specimen aimed at ensuring initial sealing of the capsule under 
the applied pressure until the copper self-welded across the 
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Specimen assemblies for the quartz heat treatment 
experiments at 1500 to 2000 MPa confining pressure, showing the 
copper capsule design for eithe r quartz prisms or disks . The lettered 
components are described in detail in the text. 
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interface between the two cannisters at high temperature. All copper 
0 
components were pre-annealed at about 800 C. Except in the case of 
several specimens of W4, heat treated under "dry" conditions, 5 to 
1 Oµl of deionised water was added to the capsules before closure, 
this amount being accommodated in the clearances between the quartz 
and copper components . 
In addition to the specimens heat treated in sealed copper 
capsules several further experiments were performed using different 
specimen assemblies . Three samples of natural quartz (N2#3, N2#5, 
N2#9) were heat treated in assemblies with talc components replacing 
the copper cannisters and filler pieces, to investigate the 
quartz/water interactions under conditions more closely approximating 
the original Griggs - Blacic experiments . Three synthetic quartz 
specimens (W4#2 , W4#3 , W4#4) were heat treated in copper assemblies 
vented to the talc confining medium so that the hydrous environment 
was provided by the dehydration of the talc at high temperature . 
In the heat treatment experiments the pressure - temperature paths 
to and from the run conditions were varied considerably in an attempt 
to recover specimens with minimal cracking . In earlier experiments 
specimens were pressured to about 1000 MPa, then the temperature was 
increased to that required for the run, and subsequently any 
additional pressure needed to reach run conditions was added; 
returning to ambient conditions involved quenching to room 
temperature in 1 to 2 minutes then depressuring over about 
1 5 minutes . In later experiments the sample was initially pressured 
to 0 . 25 MPa to ensure good electrical contact for the graphite 
furnace, then 
simultaneously 
the temperature 
at about 10°c per 
and pressure were increased 
minute and 20 MPa per minute 
respectively; returning to ambient conditions involved decreasing the 
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temperature and pressure along the same P-T pa th. Samples recovered 
using the latter pressure-temperature path were considerably less 
cracked than those derived using the former, and were less damaged 
than specimens from experiments investigating other, less direct 
paths to and from the run conditions. All P-T paths were chosen to 
maintain the quartz specimens in the a-quartz field and to keep 
sufficiently high confining pressures to suppress precipitation of 
water at high temperature which could anomalously affect the strength 
of specimens subsequent to heat treatment. 
After the heat treatments the capsules appeared to be well sealed 
by the self-welding of the outer copper cannister to the inner one 
during the run. In the later experiments, in which the practice was 
adopted of puncturing the capsule by filing a knick in it, a drop of 
residual water was seen to exude in almost all cases, confirming that 
in general the water was retained throughout the experiment. The 
specimen was usually recovered by dissolving away the copper with 
dilute nitric acid after which it was either used for determination 
of the diffusion profile for hydroxyl or subjected to a mechanical 
test at 300 MPa confining pressure, goo0 c and 10-5s- 1 strain rate. 
Infrared spectra were obtained for each step in the above procedures. 
In spite of the attempts to minimize non-hydros ta tic stresses, 
all heat treated specimens were cracked on a submillimeter to 
millimeter scale . The cracks were mainly oriented normal to the 
cylindrical axis of the high pressure assembly, suggesting extension 
cracking during cooling and/or unloading. To prevent fragmentation of 
the specimens during sequential thinning to determine diffusion 
profiles, samples were usually encased in a bakelite supporting 
sleeve. 
The infrared spectra were measured with a Pye Uni cam SP3 - 200 
ratio recording spectrometer, operated in absorbance mode, with a 
beam aperture of either 2 x 5mm for the prism specimens or 4mm 
diameter for disk samples, and an attenuator in the reference beam 
adjusted to give a zero reading without the specimen. Unless 
otherwise specified, the spectra were measured with unpolarised 
radiation propogated parallel to the specimen c axis and were 
expressed as absorption coefficient K(v) versus wavenumber v. In view 
of the presence of cracks, the heat treated specimens were carefully 
dried before measurement by holding under a diffusion pump vacuum of 
about 10-3 Pa at room temperature for at least 12 hours and then 
impregnated with hexachlorobutadiene (c
4
c16 ), a liquid of similar 
refractive index to quartz and of negligible absorption in the 
infrared region of interest here, in order to minimise light 
scattering or reflection from the cracks; without the impregnation 
the background scattering tended to be at least twice as much in the 
4000 to -1 3800cm range and to slo_pe downwards appreciably towards 
lower wavenumbers, suggesting some component of Raleigh sea ttering 
not present after impregnation. 
In order to compare the spectra from virgin and heat treated 
specimens in respect of hydroxyl absorption, the additional 
background was subtracted by matching the two spectra at 4000 to 
-1 - 1 3800cm and below 2800cm and assuming the additional background to 
vary linearly in between. Quantitative evaluation of the 
concentration of the introduced or removed hydroxyl was done using 
equation (2 - 1 ) , proposed by Paterson (1982) for quartz and other 
silicates, 
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= 1 f K ( v ) dv 
C 15Qy 3780 - V 
where K(v) is the absorption coefficient of the species at 
wavenumber , v, and y is an orientation factor, accounting for the 
orientation distribution of the OH groups . For the isotropic broad 
absorption band , y = 1/3 , while for the anisotropic sharp bands, when 
the 0-H direction was approximately perpendicular to .£ (Kats, 1962; 
Aines and Rossman , 1 984), y = 1 /2 was taken for the beam direction 
parallel to c (Paterson , 1 982). Calculation of the hydroxyl 
concentration due to the sharp bands was made by fitting a straight 
line across the base of the bands and integrating above this line 
over the appropriate wavenumber range. For the absolute determination 
of the absorption spectrum attributed to hydroxyl in any specimen, 
the measured spectrum for our standard "dry" synthetic quartz crystal 
A6-13 was subtracted from the spectrum of the specimen as described 
above . 
Diffusion Measurements 
Diffusion profiles for hydroxyl in quartz introduced during heat 
treatment at high pressure under hydrothermal conditions were 
determined for a number of specimens of both N2 and W4 quartz by 
measuring the variation of the hydroxyl concentration as a function 
of distance from the crystal faces. In effect the profile was a 
measure of the variation of the broad band hydroxyl species, a s the 
sharp band hydroxyl concentrations were found to be a pproximately 
constant throughout the specimens . 
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The diffusion profile parallel to the c axis was determined in a 
sequence of steps in each of which a layer of 50 to 200µm thickness 
was ground from a face parallel to the basal plane, the face 
repolished, the specimen redried and re-impregnated, and the 
absorption spectrum re-measured as described above, the infrared beam 
being directed to pass through the central portion of the face of the 
specimen . The sequential removal of layers was generally continued 
from one side of the specimen until a total thickness of about 1.5mm 
had been removed and then a similar sequence of layers was removed 
from the other side of the crystal. Analysis of the diffusion 
profiles generated in this way was performed using the formulation 
described in detail in Chapter 2. To test the validity of the 
sequential thinning technique an untreated specimen of natural quartz 
N2#16 was profiled in the same way, giving O + 5 H/1 o6Si constant 
hydroxyl profile through the specimen. 
Deformation Experiments 
Deformation experiments were performed on 5 x 5 x 12mm prisms of 
N2 and W4 quartz , oriented as described in the previous section, in 
an attempt to investigate the effect of previous "wet" or "dry" heat 
treatment at 1500 to 2000 MPa confining pressure on the strength of 
initially strong N2 and weak W4 quartz specimens. The deformation 
experiments at 300 MPa confining pressure were carried out in a gas 
medium apparatus (Paterson, 1970) at goo 0 c, -5 -1 10 s strain rate. 
Temperatures were monitored with a movable alumina-insulated 
Pt/Pt13%Rh thermocouple within the bore of the upper alumina piston, 
giving accuracies 0 of +10 C. In the earlier deformation experiments 
the rec ta linear specimens were inserted in copper sleeves of 10mm 
outer diameter A (Fig . 3-3), with copper inserts B to fill the spaces 
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Fig. 3-3 : Specimen assemblies for the quartz deformation experiments 
at 300 MPa confining pressure. The wall thicknesses of the iron 
jacket and platinum disks have been exaggerated for clarity. The 
lettered components are described in detail in the text. 
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between specimen and sleeve, and the assembly was sealed mechanically 
in a copper jacket C of 0 . 25mm wall thickness (Paterson et al ., 1982, 
Fig . 1 a) . Later experiments were also performed using copper sleeves 
and inserts , but with a full length iron jacket D as described in 
detail in Chapter 2. All copper sleeves and inserts were pre-annealed 
at about 800°c . Water was not added to these assemblies as previous 
investigators have shown that the water-derived species associated 
with weakening do not penetrate quartz in the experimental timescale 
at 300 MPa confining pressure (Kekulawala et al., 1981 ). 
Stress-strain curves were obtained from the load - displacement 
profiles after subtracting displacement contributions due to 
apparatus distortion, and the effect of the copper components on the 
load. Under these experimental conditions the load supported by the 
copper was determined to be approximately 37kg based on deformation 
experiments performed on copper specimens by S . M. Schmid and 
J. MacDonald under similar conditions. 
Due to the limited hydroxyl penetration achieved for initially 
"dry" quartz specimens in high pressure hydrothermal heat treatments 
an additional specimen configuration was investigated in an attempt 
to obtain a more adequate test of the strength of quartz with 
diffused-in water . Specimen N2#39 was composed of four quartz slices 
1 . 25 x 5 x 12mm with the short dimension parallel to the c axis, the 
direction of highest presumed diffusivity . The specimen was heat 
treated hydrothermally at 900°c and 1 500 MPa confining pressure for 
2 x 1 o4 s prior to deformation at 900°c, 300 MPa confining pressure 
and -5 -1 10 s strain rate, 
direction perpendicular tom . 
with the maximum compressive stress 
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Room and liquid nitrogen temperature infrared absorption spectra 
were taken of all specimens prior and subsequent to deformation to 
determine any changes in the nature or concentration of hydroxyl 
defects due to the deformation experiments . 
In addition , preliminary investigations of the microstructure of 
a number of heat treated and/or deformed specimens were kindly 
performed by Dr J . D. Fitz Gerald and Prof . J . C. Doukhan using 
transmission electron microscope techniques. These observations 
permitted only a qualitative evaluation of precipitate and 
dislocation densities and the extent of ordering in the dislocation 
substructure of the specimens . 
Experimental Results 
Thermodynamic Environment 
1) 1500 and 2000 MPa Heat Treatment Experiments 
Subsequent to most heat treatment experiments at 1500 or 2000 MPa 
confining pressure and 875 to 975°c in solid medium apparatus with 
the specimen in a sealed copper capsule containing water, a knick was 
filed in the side of the copper specimen capsule to test for the 
presence of fluid phases around the sample. In almost all cases a 
drop of water, often as large as 3µ1, was exuded at the puncture hole 
and a gas phase, which could not be identified directly, was observed 
to bubble through the water. In experiments performed using NaCl 
confining medium there appeared to be higher concentrations of the 
gas phase than in experiments utilising talc, as evidenced by the 
more vigorous bubbling of the gas phase through the water droplets. 
In cases where the copper capsule was mechanically removed from 
around the specimen rather than dissolved in acid a very fine layer 
of red oxide ( Cu2o is the red, CuO the black oxide of copper) was 
observed coating the inside walls of the capsule, indicating that the 
oxygen fugaci ty was greater than or equal to that resulting from the 
Cu/Cu2o oxygen buffer, which is several orders of magnitude more 
oxidising than that due to the dissociation of water under the same 
P-T conditions ( see Fig . 3 -1 7) . The outside surface of the capsules 
appeared lightly oxidised after the assemblies were returned to 
ambient conditions, although this may reflect higher oxygen 
fugacities in the talc and NaCl during cooling and unloading. 
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Specimens that had been heat treated in assemblies utilising 
either talc components replacing the copper capsules or copper 
assemblies that were vented to the talc medium and relied on the 
dehydration of the talc at high temperatures to provide a hydrous 
environment a r ound the samples (e . g . N2#9 , W4#3) displayed stronger 
sharp band hydroxyl concentrations than those treated in sealed 
copper capsules containing water , presumably due to the lower oxygen 
fugacity (about Ni/NiO to quartz/fayalite/magnetite, Boettcher et 
al ., 1973) and consequent higher hydrogen fugacity conditions in the 
talc - graphite assemblies . The measured broad band hydroxyl did not 
show a similar variance between specimens derived from the two 
assemblies . 
Electron microprobe analyses of specimens derived from 
hydrothermal heat treatment experiments with talc or a Cl confining 
medium and copper capsules found no copper or magnesium in the bulk 
specimen above the detection limit of 18 atomic ppm and no sodium 
above the detection limit of 115 atomic ppm in the uncracked regions 
of the specimen or near the sample edges . In microcracked regions 
near the specimen ends copper particles up to 51,.J m in diameter could 
be detected along healed or partially healed cracks . However from 
electron microprobe measurements and optical microscopy it was 
observed that there was no measurable concentration of copper and no 
copper particles either along or near the evenly spaced planar cracks 
that were oriented perpendicular to the cylindrical axis of the high 
pressure assembly . 
After most hydrothermal heat treatment experiments specimen 
surfaces which had been etched prior to treatment appeared to have a 
higher sheen under reflected light than before heat treatment, with 
rounding of the previously sharp edges of the etch pi ts . Infrared 
51 
absorption spectra of the samples before and after removing the 
glossy surface layer, which appeared to be about 5µm thick, indicated 
that it was very high in hydroxyl, with greater than 104 H/106Si 
commonly observed . In several cases where no water was observed when 
the copper capsule was punctured subsequent to heat treatment 
(e . g . N2#22), there did not appear to be a glossy layer on the 
specimen surfaces and the infrared spectra indicated no anomalous 
hydrous surface layer . This appears to indicate that when water was 
present in the specimen capsule at the end of heat treatment a 
hydrous silica exsolution phase was deposited on the specimen surface 
during the return to ambient conditions as the solubility of silica 
in the water decreased . 
2) 300 MPa Deformation Experiments 
Due to the danger of fragmenting specimens derived from 
deformation experiments the copper sleeves and filler pieces were 
dissolved in dilute nitric acid rather than mechanically removed. In 
this way observations of the copper surfaces adjacent to the 
specimens to determine oxygen fugaci ty conditions during deformation 
were sacrificed in favor of maintaining whole samples for infrared 
analysis and optical and electron microscope observations . 
As in the high pressure heat treatment experiments copper 
particles were observed in microcracked regions of the specimens 
subsequent to deformation, although the particle densities were much 
higher . Copper particles were also observed along the planar cracks, 
oriented perpendicular to the cylindrical axis of the high pressure 
assembly, that had been introduced during the high pressure heat 
treatment experiments . Optical microscope investigations found no 
copper particles unassociated with cracks . 
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1500 and 2000 MPa Heat Treatment Experiments 
A total of 33 heat treatment experiments were performed on "dry" 
natural and "wet " synthetic quartz specimens at 1500 to 2000 MPa 
confining pressure and 875 to 975°C in a solid medium piston cylinder 
apparatus . As many of these experiments were used predominantly to 
investigate various pressure - temperature routes to and from the run 
conditions many of the specimens were not suitable for either 
diffusion or strength measurements , due largely to high crack 
densities . A list of all high pressure experiments plus details of 
the run conditions and results are given in Appendix 1 . 
Subsequent to the heat treatment experiments at high pressure, 
specimens were dried under diffusion pump vacuum and an infrared 
absorption spectrum was taken to determine whether any water had been 
absorbed by the sample during heat treatment . The infrared spectra of 
natural N2 quartz specimens subsequent to hydrothermal heat treatment 
-1 
showed an increase in the strength of the sharp band at 3370cm and 
-1 the introduction of a weak sharp band at about 3580cm and a broad 
absorption band - 1 centered near 3400cm (Fig. 3-4a) . In general the 
specimens heat treated in assemblies where the hydrous environment 
was provided by the dehydration of the talc confining medium were 
characterised by stronger enhancement of the -1 3370cm bands than 
samples treated in sealed copper capsules containing water . The room 
temperature infrared absorption spectrum of N2#9 showed a band at 
about -1 3670cm , not seen in the spectra of either the starting 
material or other heat treated specimens; in the 77K spectrum a band 
-1 
was observed near 3200cm , characteristic of ice, that could not be 
removed by drying the specimen under diffusion pump vacuum . No other 
specimens showed any evidence for ice bands in the 77K spectra 
subsequent to heat treatment . 
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Fig . 3-4 : Room temperature infrared absorption spectra, measured 
before and after hydrothermal treatment at 875°c and 500 MPa 
confining pressure , of : 
a . natural quartz specimen N2#10, and 
b . synthetic quartz specimen W4#3 . The infrared beam was oriented 
parallel to the specimen.£ axis in both cases . 
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The room temperature infrared absorption spectra of heat treated 
synthetic quartz specimens showed no new hydroxyl bands, although the 
3440cm - 1 band which resolves into two components at 3440 and 3400cm 
at 77K was strongly enhanced, particularly after the longer duration 
heat treatments (Fig . 3- 4b) . This observation was independent of 
whether the specimen was heat treated in a sealed copper capsule with 
or without added water or in a copper assembly vented to the talc . In 
- 1 general the 3580cm band was also increased due to heat treatment at 
high pressure . 
Early indications from infrared absorption spectra of unthinned 
specimens appeared to suggest that the overall uptake of water was 
enhanced by up to a factor of two by prior etching of the specimen in 
a hydrofluoric acid based etchant . This was deduced from a comparison 
of the hydroxyl contents of specimens N2#1 , N2#2 and N2#4 with those 
from N2#7 and N2#9 . As the latter two specimens have since been 
established to have anomalous diffusion profiles and a fairly large 
scatter has been found in the infrared spectra of initially etched 
unthinned specimens, there is no clear evidence that prior etching 
has any effect on the uptake of water by the quartz specimens . 
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Diffusion of Water in Quartz 
1) Natural Quartz N2 
In order to measure both the rate at which water-derived defect 
species diffuse into "dry" natural quartz and the equilibrium 
concentration of those defects under given conditions of temperature, 
pressure and the fugacities of water and oxygen, a number of 
0 
specimens that had been previously heat treated at 875 C and 1500 or 
2000 MPa confining pressure in copper capsules containing water were 
investigated using the diffusion profiling techniques described in 
Chapter 2 . This involved sequentially polishing small amounts of 
crystal from a face perpendicular to the c axis, drying the specimen 
and measuring a room temperature infrared absorption spectrum; this 
process was continued until about 1 . 5mm had been removed from this 
face and then a similar sequence of layers was removed from the 
opposite face . Typical spectra taken during sequential thinning are 
shown in Fig . 3- 5 for sample N2#10 before thinning and after 
polishing a total of 70 , 270 and 1570µm from the first specimen face. 
These spectra were analysed using (2 -2 ) to determine the mean 
concentration of hydroxyl remaining in the sample at that stage in 
the sequential thinning of the specimen . Subsequently an optimum fit 
of (2 -5 ) to the observations (2 - 2) permitted the determination of a 
set of values of the diffusion coefficient D, the maximum or fixed 
concentration at the surfaces and the initial or superimposed 
uniform concentration as discussed in Chapter 2 , and given in 
Table 3 - 1 for the natural quartz specimens analysed in this way . The 
uncertainty in each of the derived parameters D, c8 and c0 has been 
obtained by determining the amount by which it would have to depart 
from its optimum value, while holding the remaining parameters at 
their optimum values, in order to double the standard deviation a . 
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Room temperature infrared absorption spectra of natural 
quartz specimen N2#10 both before and after hydrothermal treatment at 
875°C and 1500 MPa confining pressure for hour . Also shown are the 
infrared spectra after a total of 70 , 270 and 1570~m had been 
polished from the first face sectioned in determining the diffusion 
profile for hydroxyl in the specimen. The infrared beam was oriented 
parallel to he specimen_£ axis . 
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TABLE 3- 1 
DIFFUSION MEASUREMENTS 
Specimen Temp . Press . D cs co Comments 
Number 
oc MPa - 12 2 - 1 10 m s H/106si H/106si 
N2#4 875 1500 1 . 7+0 . 9 1440+500 104+40 
- - -
N2#7 875 1500 - - - Could not be fitted 
by the Ficks I law 
solution 
N2#9 875 1500 - - - Could not be fitted 
by the Ficks I law 
solution 
N2#10 875 1500 2 . 3+2 . o 670+2000 146+8 
- - -
N2#11 875 1500 ** ** 11+4 NaCl confining medium 
* 
-
* * N2#15 875 1500 0 . 9 4750 160+15 One side thinned 
-
N2#17 875 1500 ** ** 80+12 NaCl confining medium 
-
N2#22 875 1500 13+7 1050+650 28+22 Failed water 
- -330+200 retention test 
-
N2#28 * * 875 2000 0 . 8 350 25+4 One side thinned 
-
N2#30 975 2000 ** ** 68+8 Failed water 
-
retention test 
W4#3 875 1500 0 . 7+0 . 5 1100+700 63+6 cs includes 
- - -450+250 initial concentration 
-
Error limits could not be determined using the non-linear least 
squares regression, but are probably at least +100% . 
** No diffusion profile could be measured above the scatter in the 
infrared data, see text . 
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The large error limits for cs result from uncertainty in the slope of 
the mean concentration curve ( 2-5) at the two crystal faces. Due to 
the anomalously high hydroxyl concentration in the glassy surface 
layer ( see e.g. Fig. 3-5) the data corresponding to this layer were 
not utilised when calculating the diffusion parameters from the 
experimental data. In determining the diffusion parameters, the 
diffusion profile was assumed to begin at the base of this layer, 
which is presumed to be hydrous silica redeposited on the surfaces of 
the specimen during the return to ambient conditions as the 
solubility of silica in water decreased. 
With the calculated optimum values of D, cs and c0 the best-fit 
diffusion profiles were recalculated using ( 2-3) as shown with the 
mean concentration profiles for specimens N2#4, N2#10 and N2#22, heat 
treated 0 at 875 C and 1500 MPa confining pressure, in Figs 3 - 6a,b,d 
and for specimen N2#28, heat treated at 875°C and 2000 MPa confining 
pressure, in Fig. 3- 6e . The best-fit diffusion profile for specimen 
N2#15 was not calculated due to the large error limits of the 
equilibrium concentration . 
The mean concentrations remaining in the specimen profiles for 
N2#4 (Fig . 3-6a) , N2#7 (Fig . 3- 6g) and N2#9 (Fig. 3-6h) were obtained 
by polishing small thicknesses from each.£ face in turn, rather than 
thinning from one c face until about 1 . 5mm had been removed, then 
thinning from the other c face as for the rest of the specimens 
investigated . The former technique assumes that the diffusion 
profiles from opposite faces were identical whereas the latter does 
not. When the copper jacket enclosing specimen N2#22 was punctured no 
water was observed, nor was a hydrous surface layer detected 
(Fig . 3 - 6d), indicating that the water supply became exhausted at 
some stage in the heat treatment, perhaps at one specimen face first . 
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Fig. 3-6 : Mean concentration of hydro xy l remaining in the specimen 
as a function of xA, the distance from the first (0001) face 
sectioned, and x8 , the distance from the second ( 0001 ) face 
sectioned, and the least squares fit to that data using (2 - 5) to 
determine the diffusion parameters ( solid lines ) for natural N2 and 
synthetic 'tf4 specimens: a. N2#4; b. N2#10; c , N2#15; d, N2#22; 
e . N2#28; f . 'tf4#3; g. 2#7 ; h . N2H9, sho v ing the diffusion profile in 
both the sample and the adjacent decomposed talc. Concentration 
profiles for hyd r o xy l are sho vn for a number of the specimens, 
determined from the diffusion parameters calculated usinp; the least 
squares fit of (2-'i) to the mean concent rat ion data . Detailed 
comments on the diffusion profiles in each of the specimens are given 
in the te x t. 
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As subsequent heat treatment under dry conditions will tend to reduce 
the hydroxyl concentration gradient in the specimen, the profile is 
expected to deviate somewhat from the Fick's law solution (2-5), 
giving diffusion parameters that can only be taken as approximate . 
Specimens N2#28 and N2#15 , heat treated at 875°C , were sequentially 
thinned from only one face as a part of the specimen including the 
opposite face chipped off during initial polishing to remove the 
hydrous surface layer (Fig . 3- 6c, e). Another specimen N2#30 failed 
the water retention test after heat treatment at 975°c and 2000 MPa 
confining pressure for 4 hours. Sequential thinning of this sample 
established the presence of a constant uniform background absorbance. 
Specimens N2#11 and N2#17, heat treated at 875°C and 1500 MPa 
confining pressure in a sealed copper capsule containing water and 
utilising a "dry" NaCl medium, showed little evidence of a diffusion 
profile when thinned, as observed in similar heat treatment 
experiments performed by Kronenberg et al . (1983), although water was 
present at the end of heat treatment. 
The solution of Fick's law (2-5) could not be fitted to the data 
for N2#7 (Fig . 3 - 6g) or N2#9 (Fig . 3- 6h) due to variation of the 
environmental parameters from the boundary conditions utilised in 
determining (2-5); the thermocouple used in the heat treatment 
experiment on N2#7 became contaminated near the end of the treatment 
so that the specimen was heated to temperatures perhaps as high as 
1050°C for 10 to 15 minutes prior to quenching; specimen N2# 9 was 
heat treated in talc rather than in a copper capsule containing 
water, and the diffusion profile indicates some regulation of the 
water supply to the specimen by the talc medium (Fig . 3-6h ) , causing 
the breakdown of the infinite supply criterion of the Fick' s law 
solution. 
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Although the procedure of using the difference spectra K(v) 
eliminates the effect of any hydroxyl initially present and may lead 
one to expect that c0 would be zero, the data could not be fitted 
optimally with c0 = 0 . The finite values of c0 are thought to be 
associated probably with the constant background concentration due to 
the sharp bands and water penetration along the extension cracks 
since the values tend to be lower in specimens with lower densities 
of extension cracks . The presence of this quasi - uniform distribution 
is thought not to affect seriously the conclusions about D and cs, 
particularly as these cracks appear to have been introduced 
subsequent to heat treatment . 
Analysis of the room temperature infrared absorption spectra used 
to determine diffusion profiles of the heat treated specimens has 
permitted isolation of the spectrum of the constant background c0 , 
and of the diffusing water- derived species cs, typical examples of 
which are shown in Fig . 3 - 7 . Also included for comparison is a 
spectrum of water . 
Specimen N2#5 was heat treated at 1500 MPa confining pressure and 
875°c for 8 hours in an assembly with talc replacing the copper 
components . The infrared absorption spectra showed strong enhancement 
-1 
of the 3370cm band and the introduction of a broad absorption band 
-1 
centered near 3400cm . Al though a diffusion profile for the broad 
band hydroxyl species was not obtained for this specimen, sequential 
thinning and infrared measurements of a totally uncracked region of 
-1 the specimen indicated that the enhancement of the 3370cm band was 
uniform throughout the sample. This could also be inferred for the 
specimens from which diffusion profiles were taken, but not as 
definitively as the sharp bands were less enhanced in these samples 
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Fig . 3-7 : Room temperature infrared absorption spectra of the 
hydroxyl species c8 giving rise to the measured diffusion profile in 
specimen N2#22, which had been hydrothermally treated for 4 hours at 
875°C and 1500 MPa confining pressure . Also shown are the spectrum of 
the uniform background concentration c0 in the same specimen, plus a 
water spectrum for comparison . 
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than in 2#5 . 
Transmission electron microscope (TEM) investigations by 
Dr J . D. Fitz Gerald and Prof . J . C. Doukhan of specimen N2 # 1 , 
subsequent to high pressure heat treatment , revealed no bubbles and 
very low dislocation densities . Further TEM on specimen N2#39 
subsequent to heat treatment and deformation similarly revealed no 
bubbles but the quartz was ob served to damage very readily in the 
electron beam , worse than for the heat treated synthetic quartz 
specimens . 
2) Synthetic Quartz W4 
Al though a numb e r of spe c imens prepared from the synthetic W4 
quartz crystal were heat treated at 1500 MPa confining pressure and 
875°C (see Appendix 1) in both hydrous and anhydrous conditions , only 
specimen W4#3 was heat treated under "wet " conditions and 
subsequently sequentially thinned to determine a diffusion profile 
for hydroxyl . This specimen was heat treated in a vented copper 
capsule with the hydrous environment provided by the dehydration of 
the talc confining medium at high temperature . The room temperature 
infrared absorption spectra measured subsequent to heat treatment 
showed a strong increase in the sharp bands - 1 near 3580 and 3440cm , 
-1 the latter resolving into two components at about 3440 and 3400cm 
at 77K, with a smaller increase in the broad absorption band 
(Fig . 3-8) . Although the broad band hydroxyl concentration was 
observed to decrease as a function of distance from the specimen 
faces, giving the measured diffusion profile, the sharp band 
concentration did not change markedly with distance into the sample . 
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Fig . 3- 8 : Room temperature infrared absorption spectra of synthetic 
quartz specimen W4#3 before and after hydrothermal treatment at 875°C 
and 1500 MPa confining pressure for 4 hours . The infrared beam was 
oriented parallel to the specimen.£ axis in both cases . 
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The results of the sequential thinning of W4# 3 and the subsequent 
diffusion analysis yielded the results given in Table 3-1 and 
illustrated for this specimen in Fig . 3-6f, showing remarkable 
similarities to the natural heat treated specimens. As for specimen 
N2#22 the mean concentration could be best fitted under the 
assumption of different equilibrium concentrations at the two ( 0001 ) 
faces. Water retention was not tested for this specimen subsequent to 
heat treatment. 
Transmission electron microscope investigations by 
Dr J. D. Fitz Gerald of synthetic quartz specimen - W4#3 subsequent to 
heat treatment revealed low dislocation densities, with some 
dislocations associated with bubbles, although these features may 
have been present in the starting material. There was also a high 
concentration of small features that were similar in size and density 
to the structures identified in synthetic quartz starting material by 
Morrison-Smith et al. (1976) and McLaren et al. (1983) as either 
protoform dislocation loops or very small inclusions (Fig . 3-9) . 
Insufficient bubbles were observed to account for the initial 
concentration of hydroxyl, indicating that most had remained in 
solution. 
It has been established that the diffusion coefficient for the 
hydroxyl species giving rise to the broad absoption band in the 
infrared spectra of hydrothermally heat treated natural quartz single 
crystals -11 is of the order of 10 -12 2 -1 to 10 ms at 1500 to 2000 MPa 
0 
and 875 C. A synthetic quartz specimen heat treated under similar 
conditions gave a similar diffusion rate. The infrared spectra of the 
heat treated specimens indicated that the diffusing species were 
characterised by a broad absorption band extending from 3600 to 
) 
lµm 
Fi . 3-9 : Electron micrograph of a region of synthetic quartz 
specimen W4#3, subsequent to hydrothermal treatment at 875°C and 
1 500 MPa confining pressure for 4 hours, showing a high density of 
small features which appear similar to structures observed in 
untreated synthetic quartz by Morrison- Smith et al . (1976) and 
1cLaren et al . ( 1983) and identified as either protoform dislocation 
loops or small inclusions . There were also a number of larger 
s ructures, probably growth features also, like the one near the top 
of the photograph . 
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-1 I 
approximately 2700cm . When the natural specimens were 'wet" heat 
treated in sealed copper capsules with a talc confining medium, 
giving oxygen fugacities near the Cu/Cu2o oxygen buffer, the 
equilibrium hydroxyl concentration was shown to be approximately 
1000 H/106Si . Heat treatment utilising a NaCl confining medium 
yielded specimens that gave equilibrium concentrations that were not 
measurable above the scatter in the infrared data . Heat treated 
synthetic quartz specimens generally showed an increase in the sharp 
- 1 bands near 3440cm and a decrease in the broad absorption band at 
lower wavenumbers . Electron microscopy revealed no precipitation of 
fluid phases in "wet " heat treated natural quartz specimens, and 
little evidence to suggest precipitation in the synthetic quartz 
samples . 
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300 MPa Deformation Experiments 
1) Natural Quartz N2 
Three deformation experiments were carried out at 300 MPa 
confining pressure , goo0 c and - 5 - 1 10 s strain rate on specimens of 
natural quartz N2 that had been heat treated with water at 1500 MPa 
confining pressure and 875°C for 8 hours . The stress- strain curves 
are shown in Fig . 3- 10a , together with the stress- strain curve for an 
untreated specimen N2#20 . The latter showed no evidence for plastic 
yielding up to a differential stress of 1500 MPa, at which the test 
was terminated in view of previous experience that fracture occurs 
under these conditions at stresses not much higher . In contrast, heat 
treated specimens N2#2 and N2#14 yielded at about 1000 MPa and the 
flow stresses rose to about 1200 MPa after a few percent strain (the 
subsequent fall in stress for N2#2 may be an artifact arising from 
the cracking of the alumina endpieces) . Specimen N2#39 , prepared as a 
composite sample from four 1 . 25 x 5 x 1 2mm slices and heat treated 
under the same conditions , appeared to yield at around 1200 MPa 
differential stress but did not reach a steady state flow stress 
before the experiment was terminated at 1500 MPa . 
Optical microscopical observations of specimens N2#2 and N2#14 on 
thin sections cut in the plane containing the specimen axis and c 
crystallographic axis show mainly deformation bands with trace 
parallel to the a axis ( coinciding with the trace of the m slip 
planes) and a widespread distribution of fine microcracking 
(Fig . 3-11) particularly near the specimen ends . No distinction 
between a hard "dry" d k t d · ff d tl d core an a wea wa er- i use man e an , in 
particular, the zoning or "halo" reported by Blacic ( 1 981 ) could be 
recognised . However as most specimen strain was probably accommodated 
within the microcracked regions near the specimen ends, this may 
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Fig . 3- 0 : Stress - strain curves at 300 MPa confining pressure, 900°c 
and 10- 5s- 1 t . t f . f s rain ra e or specimens o : 
0 
a. natural quartz N2 hydrothermally treated at 1500 MPa and 875 C for 
8 hours . The stress - strain curve for an untreated N2 specimen ( 3381 ) 
is included for comparison . 
b . synthetic quartz w'4. Two specimens, 3322 and ?3 9, were tested 
subsequent to hydrothermal treatment at 500 MPa and 875°c for 
8 hours, while ?382 and 4844 were tested after heat treatment in 
nominally "dry" copper capsules at ')00 MPa and 875°C for 4 hours . 
The st r ess - strain curve for an untreated w'4 specimen, 
under the same conditions, is included for comparison . 
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Fig . 3-11 : Optical micrograph of a region near one end of natural 
quartz specimen N2#14 , subsequent to hydrothermal treatment at 
1 500 MPa and deformation at 300 MPa confining pressure, showing a 
broad band of microcracking approximately NW - SE on the photograph . 
There is also a wide distribution of deformation bands, and zones of 
fine lamellae with trace at 45° to the specimen axis, oriented N-S in 
this photograph . 
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reflect the correspondingly low strains present in the unmicrocracked 
regions of the specimen . 
Transmission electron microscope investigations by 
Prof . J . C. Doukhan of regions of the deformed sample N2#2 away from 
the microcracked ends showed patchy dislocation densities, with the 
bulk of the specimen having densities of less than 105cm- 2 but with a 
12 - 2 local dislocation density in one region as high as 10 cm . As with 
the heat treated specimen N2#1 no bubbles were observed either on the 
optical or electron microscope scale . 
2) Synthetic Quartz W4 
Four deformation experiments were carried out at 300 MPa 
confining pressure and goo0 c on specimens of the synthetic crystal W4 
0 
after heat treatment at 1500 MPa confining pressure and 875 C either 
under hydrous conditions, provided by water added to the sealed 
copper capsules (W4#1) or the talc medium external to vented copper 
assemblies (W4#2) , or under non-hydrous conditions by sealing the 
specimens in dry copper capsules (W4#7 , W4#8) . The stress-strain 
curves are shown in Fig . 3 - 10b together with the stress - strain curve 
for an untreated specimen (W4#6) . Specimens W4#1 and W4#2, heat 
treated under hydrous conditions for 8 hours, showed a marked 
increase in strength to values near those for the heat treated 
natural quartz specimens despite an increase in the overall hydroxyl 
concentration during treatment . Specimens W4#7 and W4#8, heat treated 
for only 4 hours at 1500 MPa and 875°c in copper capsules containing 
no water and utilising a talc confining medium, showed intermediate 
increases in the flow stress and small increases in the total 
hydroxyl concentration, associated predominantly with increases in 
the -1 sharp bands near 3440cm . The latter observation was possibly 
' I 
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Fi . 3- 2 : Electron micrograph of a region of synthetic quartz 
specimen W4#2, subsequent to hydrothermal treatment at 1500 MPa and 
deforma ion at 300 1Pa confining pressure , showing adjacent regions 
of hi hand low dislocation density . There is some apparent localised 
pinnin of islocation lines in he basal plane during glide . Few 
precipi e are evident in this re ion . 
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due to the interaction of the specimen with hydrogen, derived from 
the dehydration of the talc and diffused through the sealed copper 
capsule , as copper is permeable to hydrogen under these conditions. 
The increase in strength of the heat treated specimens can be roughly 
correlated with both the duration of heat treatment and changes in 
the infrared absorption spectra, involving a decrease in the broad 
band concentration at lower wavenumbers 
increases in the sharp bands -1 near 3440cm • 
( -1 ) about 3000cm and 
These time dependent 
changes in the infrared spectrum appear to suggest that it is the 
duration of heat treatment and not the conditions of heat treatment 
that have caused the observed differences in strength between 
specimens treated for 4 and 8 hours . 
The infrared difference spectrum, derived by subtracting the 
spectrum of the dry standard A6-13 crystal from that of the sample, 
for the quartz specimen W4#4, heat treated under hydrous conditions 
in a vented copper capsule with talc confining medium, is shown in 
Fig. 3 -1 3 , as well as the difference spectrum for the untreated 
specimen and the spectrum of the hydroxyl species gained and lost by 
the sample during heat treatment. From the figure it can be seen that 
-1 the hydroxyl absorption in the vicinity of 3400cm has increased and 
the - 1 absorption near 3000cm has decreased due to heat treatment, 
indicating some structural rearrangement of hydroxyl species in the 
quartz as well as an increase in the total concentration due to 
diffusion. Spectra measured at 77K indicated that the increased 
-1 
absorption near 3400cm was due predominantly to an enhancement of 
-1 the sharp bands at 3400 and 3440cm . 
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Fig . 3- 13 : Room tempe r atu r e infrared abso r ption spect r a , afte r 
subtraction of the r efe r ence "dry" A6 - 13 spect r um and co r rection for 
background scattering , for a specimen of synthetic quartz W4#4 before 
and after hydrothermal treatment at 875°c and 1500 MPa confining 
pressure for 8 hours ( wet surface layer removed ) . Also shown is the 
spectrum of the hydroxyl species that was added to or removed from 
the specimen during heat treatment, obtained by subtracting the 
infrared absorption spectrum of the specimen before heat treatment 
from that after treatment . The infrared beam was oriented parallel to 
the specimen c ax i s for all spectra . 
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The optical microstructures of specimens W4#1 and W4#2, heat 
treated at 1500MPa confining pressure and 875°c for 8 hours and 
subsequently deformed at 300 MPa confining pressure, 900°c and 
- 5 - 1 10 s strain rate , were broadly similar to those of the heat 
treated natural specimens , al though some local differences occurred 
such as the appearance of zones of criss - crossed short lamellae with 
traces about +45° to the specimen axis (Fig . 3 - 14) . As for the 
natural specimens it appeared that most of the specimen shortening 
was accommodated within the microcracked regions at the specimen 
ends . 
Transmission electron microscope investigations by 
Dr J . D. Fitz Gerald of synthetic quartz specimen w4#2 showed similar 
dislocation structures to the deformed natural samples with regions 
of very high dislocation density adjacent to regions of low density 
(Fig . 3 - 1 2) . Some mino r dislocation organisation was evident . There 
was also a patchy distribution of bubbles ranging in size from 
approximately 10 to 40nm with maximum densities around 100µm- 3 
(Fig . 3 - 15) . This bubble volume fraction would probably account for 
the total initial concentration of hydroxyl in the sample, indicating 
complete precipitation of hydroxyl . This latter observation was 
puzzling in the light of the much lower bubble densities in W4#3, 
heat treated for 4 hours under essentially similar conditions to 
W4#2, al though the role of the time factor has not been thoroughly 
investigated . 
Specimens of natural quartz deformed at 300 MPa confining 
pressure and 900°C subsequent to heat treatment under hydrous 
conditions at 1500 MPa 0 and 875 C appeared to flow at stresses in 
excess of 1200 MPa, although most of the shortening was accommodated 
0.1 mm 
Fig . 3- 4 : Optical micrograph of a region of synthetic quartz 
specimen W4#2, subsequent to hydrothermal treatment at 1500 MPa and 
deforma ion 
criss- crossed 
at 300 MPa confining pressure, showing zones of 
0 
short lamellae with traces about +45 to the specimen 
axis , oriented N-S in this photograph . As for the natural c rystals 
there are regions of apparently undeformed quartz (NE) , and also 
microcracke areas ( W) that appear to have accommodated most of the 
specimen shor ening during deformation . 
0.5µm 
Fig . 3-15 : Electron micrograph of a region of synthetic quartz 
specimen W4#2, subsequent to hydrothermal treatment at 1500 MPa and 
deformation at 300 MPa confining pressure , showing a high 
concentration of small (about 10nm) precipitates and a low 
dislocation density . This is in contrast to another region of the 
same specimen shown in Fig . 3- 1 2 with a low density of precipitates 
and a reasonably high dislocation density . 
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within the microcracked regions at the specimen ends. The optical and 
electron microscope investigations revealed some ductile deformation 
features in the bulk specimen microstructure . Synthetic specimens 
deformed under the same conditions subsequent to heat treatment at 
high pressure and temperature for eight hours gave similar strengths 
to the heat treated natural specimens despite an initial strength 
prior to heat treatment of less than 150 MPa under identical 
conditions . The optical and electron microscope observations revealed 
similar optical and dislocation microstructures to the natural 
specimens and similarly the deformation appeared to be concentrated 
in the microcracked regions near the sample ends . Unlike the natural 
specimens there was a high concentration of bubbles, possibly 
accounting for most of the hydroxyl initially in the sample . These 
observations were parallelled by changes in the infrared absorption 
-1 spectra of the synthetic specimens, with the 3440cm sharp bands 
strongly enhanced and a reduction in the broad band absorbance at 
lower wavenumbers (about 3000cm- 1 ) . 
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Discussion 
Thermodynamic Environment 
1) 1500 and 2000 MPa Experiments 
The flux of a diffusing species through a material under a given 
set of boundary conditions can be determined from the solution of 
Fick's first law expressed in one dimension as 
J = -D ~ ( 3- 1) dX 
where Dis the diffusion coefficient, j is the flux per unit area and 
c is the concentration of the diffusing species. For the steady state 
diffusion of species i through a copper wall of thickness x, where x 
is small compared to the dimensions of the wall, the total flux 
J. = Aj., where A is the surface area through which the diffusion is l l 
acting, can be described by 
(3 - 2) 
where C~ and c!;p are the equilibrium concentrations of the diffusing 
species i at the two surfaces of the copper wall. From Sievert's law 
= k. ,)f. 
l l 
(3 - 3) 
where f. is the fugaci ty of species i in the fluid adjacent to the l 
copper an 
... <. i s a constant under a given set of P, T conditions. l 
Consequently, from (3-2) and (3-3) 
J. = 
l 
AD. k. 
l l 
X 
(3 - 4) 
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where f q) and f ~ are the fugaci ties of species i 
l l 
on either side of 
the copper wall . 
In general, quartz specimens for heat treatment at 1500 to 
2000 MPa confining pressure were sealed inside copper capsules, 
either with or without added water, and heat treated in a solid 
medium assembly incorporating a confining medium (either talc or 
NaCl) and a graphite furnace as shown schematically in Fig . 3-16 . In 
experiments where specimens were in the form of prisms the ratio A/x 
in (3-4) was determined as A/x ~ 0 . 23m; when specimens were prepared 
as disks A/x ~ 0 . 05m . 
. ® The oxygen fugacity conditions for the talc - graphite assembly f 0 2 
have been reported to be constrained near the nickel/nickel oxide 
(NNO) and quartz/fayalite/magnetite (QFM) oxygen buffers 
(f®~ 2 - 7 at 875°C and 1500 MPa confining x 10 Pa pressure, 
02 
Fig . 3 - 17) (Boettcher et al . , 1 973) . On the assumption that the water 
from the talc dehydration is a free phase, that hydrogen and water 
are the only volatiles released during the talc decomposition that 
contribute significantly to the total pressure, so that 
p = 
where P is the fluid pressure (assumed equal to the confining 
pressure) and pH O and pH are the partial pressures of water and 2 2 
hydrogen, and that the loss of volatiles from the assembly is small, 
the hydrogen 
assembly can 
constant 
f~ and water 
2 
f~ fugacities in the talc-graphite 
2 
be calculated from the equation for the equilibrium 
for the water decomposition reaction, 
Fig . 3-16: 
COPPER CAPSULE 
CONFINING MEDIUM 
PLUS GRAPHITE 
82 
Schematic diagram of the solid medium high pressure 
assembly for quartz specimens sealed in a copper capsule with or 
without added water. The confining medium was composed of either talc 
or NaCl . A detailed examination of the various configurations 
utilised in the experiments is given in the text . 
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Fig . 3- 17 : Oxygen fugaci ty curves for a number of solid oxygen 
buffers at 1500 MPa confining pressure : Cu/Cu2o, copper/cuprous 
oxide (No r ton , 1955) ; NNO , nickel/nickel oxide (Huebne r and Sato , 
1970) ; QFM , quartz/fayalite/magnetite (Myers and Eugster, 1983) ; IW , 
iron/wilstite (ibid . ) ; Cu/CuO , copper/cupric oxide , and Water, 
water/hydrogen/oxygen (determined from the Gibbs free energy of 
formation and the molar volume data compiled by Robie et al . , 1976) . 
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fH O = y H O pH O and y H and y H O are the 2 2 2 2 2 
fugacity coefficients for hydrogen and water, yielding 
(3 - 5) 
and 
(3- 6) 
where the oxygen fugacity f 0 is expressed in atmospheres, due to the 2 
definition of the standard state (Atkins, 1983, p.169). Consequently, 
for the talc-graphite assembly f®~ 13 MPa and f~~ 4642 MPa at 
H2 2 
875°C and 1500 MPa confining pressure (based on a water fugacity 
coefficient yH O = 3 . 098 calculated by Todheide, 1972, a hydrogen 2 
fugacity coefficient yH ~ 7 . 668 extrapolated from those reported by 
2 
Shaw and Wones, 1964, and a value of the equilibrium constant for the 
-9 
water dissociation reaction of KH O = 3.92 x 10 from Robie et al., 2 
1978). In effect, loss of hydrogen and water from the solid medium 
assemblies may dynamically reduce the hydrogen and water fugaci ties 
below these static equilibrium values . When the copper components are 
replaced by talc these determinations should approximately define the 
fugacities in the gas phase around the specimen . Increase in 
confining pressure to 2000 MPa will increase the hydrogen and water 
fugaci ties in the decomposed talc by a factor of about 2 . 5, whilst 
keeping the oxygen fugacity approximately constant . 
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The presence of red copper oxide within the specimen capsule 
subsequent to heat treatment brackets the oxygen fugacity between 
that defined by the Cu/Cu20 and the Cu/CuO oxygen buffers 
(f CD ~ 5 
02 
X 10-3 to 40 Pa at 875°C and 1500 MPa confining pressure). 
However , as there was only a fine layer of oxide the oxygen fugaci ty 
was expected to be constrained near the more reducing values. Using 
equations (3-5) and (3-6) and the previously quoted equilibrium 
constant and fugaci ty coefficients, for heat treatment conditions of 
875°C , with the oxygen fugaci ty near that predicted by the Cu/ Cu2o 
oxygen buffer, 
b f (D ~ given y 
H2 
the hydrogen fugaci ty inside the specimen capsule is 
0.08 MPa, and the water fugacity by f5Do ~ 4647 MPa at 
2 
1500 MPa confining pressure. The actual hydrogen and water fugacities 
may have differed somewhat from these values however, due to an 
interaction with the confining medium by means of the diffusion of 
hydrogen and/or oxygen through the copper specimen capsule . 
The models of Fukai and Sugimoto ( 1983) for the solubility of 
hydrogen in metals as a function of temperature and hydrogen fugacity 
predict a value for the proportionality constant in (3-3) of 
kH 
- 3 -1 /2 0 ~ 17m MPa for 875 C. This permitted the calculation of the 
hy!rogen solubility c0 = 5 mol H/m
3 Cu for rSJ)= 0 . 08 
3 M\2 
MPa in the 
copper capsule, and c0 < 60 mol H/m Cu for f~ < 13 MPa in 2 
the talc 
confining medium at 875°C and 1500 MPa confining pressure; both 
solubilities will be about a factor of 2 higher at 2000 MPa confining 
pressure. The diffusion coefficient for hydrogen in copper at 875°C 
is DH 
2 
1 971 ) . 
-8 2 -1 ( 
- 2 x 10 ms Eichenauer 
Using these parameters JH 
2 
capsule for the prism specimens, 
disk assemblies at 875°C and 
and Pebler, 1957; Katz et al ., 
< 3 x 10-7mol H/s into the copper 
and JH 
2 
1500 MPa 
- 8 < 6 x 10 mol H/ s for the 
confining pressure . If 
JH - 10-7mol H/s then about 10-3mol H could be transferred in a few 
2 
hours, ie the amount of hydrogen present in about 10µ1 of water at 
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room temperature and pressure. Increase in pressure to 2000 MPa 
results in an increase in the hydrogen flux by a factor of about 2 . 
The presence of some Cu
2
o inside the specimen capsules subsequent to 
heat treatment suggests that the inward flux of hydrogen was not as 
high as the maximum flux values quoted above as the increased 
hydrogen fugacity within the specimen capsule due to the high inward 
flux would have reduced the oxygen fugacity below the Cu/Cu20 oxygen 
buffer . Consequently the fugacities of the fluid phases within the 
specimen capsules are expected to have been fo ~ 5 X 1 o-
3 Pa, 
2 
fH ~ 0 . 08 MPa and fH 0 ~ 4647 MPa during heat treatment, although 
2 2 
the oxygen and hydrogen fugacities may have been somewhat higher and 
the water fugacity correspondingly lower . 
Similar calculations , performed for the loss of oxygen from an 
identical copper capsule assembly , using the diffusion and solubility 
data of Pastorek and Rapp (1969) and Narula et al . (1983) 
( D - 10 - 9 2 - 1 0 = m s , 2 
at 875°C) indicated that the 
flux loss of oxygen from the copper capsules in the talc assemblies 
due to diffusion was less than J 0 ~ 2 x 10-9mol 0/s, indicating 2 
little direct interaction between the oxygen contents in the capsule 
and in the confining medium within the experimental timescale . 
On the basis of these calculations and the observations of the 
fluid phases exuded from the specimen capsules when they were 
punctured subsequent to heat treatment it seems reasonable to assume 
that the oxygen fugacity inside the copper specimen capsules in 
experiments performed using a talc confining medium was constrained 
near the Cu/ Cu20 oxygen buffer, and that the gas phase observed to 
bubble through the water droplets was likely to be hydrogen from the 
dissociation of water inside the specimen capsule at high pressure 
and temperature and/ or due to diffusion through the capsule walls 
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from the higher hydrogen fugaci ty ex i sting in t he decomposed ta l c. 
Samples derived from experiments using talc components replacing the 
copper capsule would have experienced a higher hydrogen fugacity than 
those heat treated in sealed copper assemblies, as supported by the 
enhanced sharp band component in the infrared absorption spectra of 
the former specimens compared to those for the latter. It is 
difficult to assess the exact hydrogen fugaci ty conditions in the 
experiments utilising a talc confining medium as the solid medium 
assemblies could not be considered closed systems. 
Subsequent to experiments performed using a NaCl confining medium 
replacing the talc components the specimen capsules appeared to 
contain more of the gas phase than for the experiments utilising 
talc . As the salt medium was effectively anhydrous, the hydrogen and 
oxygen fugacities were likely to be very low, so that there was 
likely to be a high diffusive flux of hydrogen through the copper 
capsule walls from around the specimen during heat treatment 
(JH ~ 2 x 10-8mol H/s) . Despite this calculated hydrogen loss, water 
2 
was detected in the specimen capsule at the end of heat treatment. As 
the rate of diffusive loss of hydrogen is much more rapid than that 
of oxygen (J0 ~ 2 x 10-9mol O/s), it may be expected that there 2 
would be an increase in the oxygen fugacity within the specimen 
capsule; initially this would be compensated by an increase in the 
thickness of the oxide layer with the oxygen fugaci ty constrained 
near the Cu/Cu2o buffer, until the kinetics of diffusion of oxygen 
through the oxide layer to the copper surface became too slow to 
compensate for the production of oxygen by the dissoci a tion of the 
water due to the hydrogen loss ( the dissociation of 2µ 1 of wa te r 
inside the capsule would form a 5µ m thi ck layer of Cu2o) . I f the 
oxidation kinetics could no longer keep pace with the production of 
oxygen by water dissociation, the oxygen partial pressure within the 
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specimen capsule would increase, providing the higher gas content in 
the copper capsules subsequent to heat treatment in NaCl confining 
medium compared to those from talc assemblies, as has been observed 
in hydrothermal deformation experiments on quartzites utilising a 
solid NaCl confining medium (Kronenberg and Tullis, 1984). 
Unfortunately, due to the necessity of producing intact samples it 
has not been possible to determine either the depth or nature of the 
oxide layer inside the specimen capsules for the salt experiments. 
Microstructural and electron microprobe investigations of 
specimens subsequent to hydrothermal heat treatment in copper 
capsules have shown that neither copper from the capsule nor sodium 
or magnesium from the confining media diffuse markedly into the 
samples other than some copper migration along pre-existing cracks. 
In this way the chemical environment is only expected to interact 
with the specimen through control of the fugaci ties of the 
water-derived gases around the sample. The observation of no copper 
along the planar cracks, oriented perpendicular to the axis of the 
high pressure assembly, in specimens subsequent to heat treatment in 
solid medium apparatus, despite their presence in similar cracks 
subsequent to deformation at 300 MPa confining pressure, suggests 
that these cracks, unlike the micro cracks near the specimen ends, 
were introduced only during the return to ambient conditions when the 
copper was not sufficiently mobile to migrate along the cracks. 
Consequently, these planar " extension" cracks are not expected to 
contribute to the diffusion profiles for water- derived species by 
providing short-circuit paths for the hydroxyl, in conflict with the 
assertions of Kirby and Kronenberg ( 1984), based on their lack of 
success in diffusing water-derived species into quartz in similar 
experiments. 
The hydrous phase coating the specimen surface after high 
pressure heat treatment experiments in which a hydrous environment 
was maintained is interpreted to be a "wet" glassy phase that was 
redeposited on the surface of the sample during the return to ambient 
conditions as the solubility of silica in the water decreased. It is 
not considered that this phase was present during heat treatment and 
consequently it is not expected to have influenced either the 
diffusivity or solubility of the water-derived species in these 
specimens . 
2) 300 MPa Experiments 
Although no direct observations were made of the copper surfaces 
adjacent to the specimens subsequent to deformation at 300 MPa 
confining pressure it has been assumed that the oxygen fugacity 
conditions around the quartz specimens would be constrained near the 
Cu/cu2o oxygen buffer (f ~ 1 o-3 Pa at 900°c and 300 MPa confining 02 
pressure, Norton, 1955; Huebner, 1971) (see Fig . 3-17) . 
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Diffusion Coefficient and Solubility 
The diffusion coefficient for the hydroxyl species associated 
with the broad absorption band near 3400cm- 1 in the infrared spectrum 
of quartz, measured subsequent to heat treatment at 1500 MPa to 
2000 MPa confining pressure and 875°c with the oxygen fugaci ty near 
the Cu/ Cu2o oxygen buffer, has now been established to be of the 
1 0 -1 2 -11 2 -1 order of to 10 ms for samples of both natural and 
synthetic quartz. This is in excellent agreement with the 
diffusi vi ties of Blacic ( 1981 ) (Fig. 3-18), who measured the water 
penetration depth in a-quartz specimens, heat treated and deformed at 
800 to 1000°c and 1450 to 2000 MPa confining pressure, from the 
distribution of plastic deformation features. In particular, he 
d ·b 1 t t· "halo" escri es a c ear pene ra ion often visible in the optical 
microscope when the water diffusion did not reach the center of the 
sample during treatment. 
By way of comparison, the diffusion coefficient for labelled 
oxygen in quartz specimens, heat treated in a hydrothermal 
environment at 900°c and 100 MPa confining pressure, has been 
-17 2 -1 determined to be approximately 10 m s for diffusion parallel to 
the c crystallographic axis and perpendicular to the .!. face, and 
about 3 x 10-19m2s-1 for diffusion perpendicular to the c axis and m 
faces (Giletti and Yund, 1984; Dennis, 1984) (Fig. 3-18). These 
calculations bracket the water diffusion coefficient -18 2 -1 of 10 m s 
calculated by Kekulawala et al. ( 1981) from the observed coarsening 
of the submicroscopic bubble pattern during heating of synthetic 
quartz at 900°c and 300 MPa confining pressure, on the assumption 
that the transfer of water between bubbles occurred by direct bulk 
diffusion and that the rate-controlling process was the diffusion of 
water from bubble to bubble (Fig. 3-18). These low pressure 
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Diffusion coefficients for water-derived species, oxygen 
and silicon in quartz single crystals as functions of temperature: 
O. the rate of diffusion of the broad band hydroxyl species in 
a-quartz at 1500 to 2000 MPa reported here; 1. hydrogen diffusion 
rate from the increase in the sharp band concentration i n a - quartz at 
1500 MPa (K ronenberg et al . , 1983); 2 . the extent of hydrolytic 
weakening in -quartz specimens deformed a 1500 to 2000 MPa ( Blacic, 
81) ; 3 . hydrogen / deuterium e xchange in 8-quartz at room pressure 
( Brunner et al. , 1961 ) ; 4. hydrogen / deuterium exchange in 8-quartz at 
2 . 5 MPa ( Kats, 962) ; 5 . hydrothermal oxygen t race r diffusion in 
8-quartz at 92 MPa (C houdhury et al., 1965); 6 . hydrothermal oxygen 
racer diffusion in -quartz at 1500 MPa ( Matthe ws et al., 1q83); 
7 . hydrothermal oxygen tracer diffusion parallel to the indicated 
direc ions i n - and 8-quartz at 00 MPa ( Giletti Rnd Yund, 984); 
R. hydro hennal oxygen tracer diffusion i n 8 -quartz at 100 MPa 
( ennis, 84) ; 
. diffusion of WR er in 8 -quartz infe rred from the 
kinetics of bubble grow h at 300 MPa ( Kekulawala et al., 981) ; 
0 . dry gas-solid oxygen racer diffusion in 8-quartz at 10 kPa ( Haul 
and umbpen, 62) ; 1 . dry gas-solid oxygen tracer diffusion in 
8 -quar z at 2 kPa ( chach ner and ockel, 977); 2 . tracer silicon 
diffusion in 8 -quartz (Giletti and Yund, 976) . 
9 1 
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(<300 MPa) diffusivities are at least six orders of magnitude slower 
than those measured for the broad band hydroxyl defect in quartz at 
pressures in excess of 1 500 MP a . If the defects associated with the 
hydrothermal oxygen tracer and broad band hydroxyl diffusion are the 
same , this change in diffusion coefficient implies that in the time 
needed for an effective penetration of the water of 1 mm at 1500 MPa 
and 900°c the effective penetration at 300 MPa and 900°C would be 
less than 1µm , thereby explaining the failure to achieve weakening in 
300 MPa experiments . 
The values for the hydroxyl diffusion coefficient at 1500 MPa 
confining pressur e appear quite similar to those reported by Brunner 
et al . (1961) and Kats et al . (1962) for hydrogen diffusion at low 
pressures , measured from the rate of hydrogen/deuterium exchange 
(Fig . 3 - 18) . However , the lack of variation in the integral 
absorbance of the sharp infrared bands during the sequential thinning 
of hydrothermally treated specimen N2#5 , indicating a diffusivity in 
excess of - 10 2 - 1 10 ms , and the reported hydrogen diffusivity of 
Kronenberg et al . ( 1984), determined from the observed increase in 
the sharp band absorbance with time of heat treatment at high 
pressure and temperature, suggest that interstitial hydrogen 
diffusion at 1500 MPa confining pressure may be at least an order of 
magnitude faster than at room pressure ( Fig . 3- 18) . Consequently it 
seems unlikely that hydrogen interstitials are the diffusing defect 
species giving rise to the broad absorption band in the infrared 
spectrum . Similarly, in diffusing hyd rogen into natural quartz 
crystals at low pressure, Kats et al . ( 962) observed changes in the 
infrared sharp bands but no formation of a broad absorption band in 
the 3 micron region . 
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Al though diffusion profiles could not be fitted to the infrared 
sectioning data for specimens heat treated using a NaCl confining 
medium, as the curves could not be clearly defined above the scatter 
in the data , there were indications that diffusion profiles existed 
in each case , but that the equilibrium concentration of hydroxyl in 
these specimens was much lower than for the talc experiments . This 
was taken to indicate a reduced solubility of the hydroxyl defects 
associated with the broad absorption band under the more oxidising 
conditions , provided by the diffusive loss of hydrogen to the 
anhydrous medium and the reduced buffering capacity of the copper 
capsule due to the build- up of oxide; similar conclusions have been 
made for nickel jacketed quartzite specimens in NaCl confining medium 
by Kronenberg and Tullis ( 1984) . Al though this apparent decrease in 
solubility with increasing oxygen fugaci ty appears to conflict with 
the results of Ord and Hobbs (1983 , 1984) who observe a positive 
correlation of solubility with oxygen fugacity, the low hydrogen 
fugacity in the diffusion experiments may have resulted in 
considerably reduced concentrations of water - derived ionic species 
+ 
such as OH and H3o , than under the same oxygen fugacity conditions 
in the Ord and Hobbs' experiments . The concentration of these ionic 
species in the free water phase may correlate more closely with the 
solubility of hydroxyl species in quartz as postulated by Paterson 
and Kekulawala ( 979), and perhaps the strength of quartz, than the 
fugacities of water- derived gaseous species (as discussed in more 
detail in the following section) . 
The sign and magnitude of the inferred pressure effect on the 
diffusivity do not conform to the usual effect in solids, which is a 
relatively small decrease in diffusion coefficient with increase in 
pressure . One possible explanation is that the accelerated diffusion 
is related to a greatly increased mobility of the diffusing species, 
presumably along the relatively open channels parallel to the_£ axis 
in the quartz structure, which would be responsible for the 
anisotropy of the diffusion. This increase in mobility might be 
somewhat analogous to that involved in the transition to superionic 
conductivity for lithium in beta-eucrypti te with increase in 
temperature (von Alpen et al., 1977; beta-eucryptite has a structure 
derived from that of quartz). The analogy is supported by the value 
of D ~ 10-12 to 10-11 m2s-1 at 1500 MPa, 875°C being within the band 
Of 1 10- 9 to 10-12m2s-1 , quoted as h · t· f · · va ues c aracteris ic o superionic 
conductors (Mundy, 1979). However, experiments measuring the changes 
in the crystal structure of quartz as a function of confining 
pressure (Jorgensen, 1978; D'Amour et al., 1979; Levien et al., 1980) 
indicate that both the c and a axis channels in the quartz structure 
decrease in cross sectional area as a function of pressure. This 
appears to indicate that either the faster diffusion at higher 
pressure is not due to structural changes (as for beta-eucryptite) or 
that diffusion is due to substitutional rather than interstitial 
mechanisms. It is equally difficult to conceive a model for 
substitional defect diffusion where mobility increases with confining 
pressure. 
An alternative explanation for the increased diffusion at high 
pressure may reflect the higher solubility and/or diffusion rates for 
the diffusing hydroxyl species at the higher pressure conditions. The 
measured solubility for the diffusing hydroxyl species at 1 500 MPa 
confining pressure, 875°C and with the oxygen fugaci ty constrained 
near the Cu/Cu2o oxygen buffer, is of the order of 1000 H/10
6Si. For 
300 MPa confining pressure and otherwise similar conditions the 
"solubility" of hydroxyl species was determined to be approximately 
by Kekulawala et al. ( 1 981 ) , based on the 
non-precipitation in "wet" synthetic crystals during heat treatment; 
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this determination includes all the broad band hydroxyl and 
consequently is expected to give an overestimate of the concentration 
of the diffusing/weakening hydroxyl species as only a small component 
of the broad band is predicted to affect the strength (Kekulawala et 
al . , 1981 ) and much of the broad band hydroxyl in synthetic quartz 
appears to be due to small aggregates of water (Aines and Rossman, 
1984) . As has already been postulated on the basis of the reduced 
solubility of the diffusing hydroxyl species in specimens heat 
treated under low hydrogen fugacity conditions (NaCl confining 
medium) , the diffusing hydroxyl solubility may correlate with the 
+ 
concentration of some water- derived ionic species such as H3o in the 
free water phase around the specimen, as suggested by Paterson and 
Kekulawala ( 1979) . As the ionisation constant of water K. at ion 
1 500 MPa and 900°c is about 1 o4 times greater than at 300 MPa and 
900°c (Holzapfel , 1969) , and 
K. = ion 
+ 
the concentration of defects such as H3o is expected to be 
0 
approximately 400 times greater at 1500 MPa and 900 C than at 300 MPa 
and 900°c, on the assumption that [H
3
o+] - [OH-]. If there was a 
direct correlation between the concentration of these ionic species 
in the water and the diffusing hydroxyl species in the quartz, the 
concentration of the latter would be less than 10 H/106Si at 300 MPa 
confining pressure, possibly accounting for the observations of Aines 
and Rossman (1984) that much of the water in synthetic quartz is in 
the form of small water aggregates . 
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This calculation could imply two possible explanations for the 
observed variance in the diffusion rate with pressure : 
1) the diffusing defect species that appears to correlate with 
weakness at high pressure (Blacic, 1981) is not present in sufficient 
concentrations at lower pressures to show diffusion profiles and/ or 
weakness ; this implies that both the tracer oxygen diffusion reported 
by Giletti and Yund (1984) and Dennis (1984) and the synthetic quartz 
hydroxyl diffusivity measured by Kekulawala et al . ( 1 981 ) correspond 
to a different defect structure , based on the lower measured 
diffusivities in these cases . 
2) the reduced concentration levels at the lower pressures result in 
a corresponding reduction in the diffusion coefficient , through a 
decrease in the concentration of the appropriate water- derived defect 
species across the crystal surface, reducing the driving force for 
diffusion . 
The proposal of Giletti and Yund (1984) that a second defect 
species , not consistently bonded to an oxygen , acts to increase the 
mobility of oxygen- bearing diffusion species, based on their 
requirement for a diffusion rate controlling defect species that is 
not dependent on the hydroxyl concentration already present in their 
crystals , does not appear necessary if the concentration of the 
oxygen- bearing diffusion species in the "wet" synthetic crystals is 
as low as predicted by these calculations and the near infrared 
observations of Aines and Rossman (1984) . 
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Deformation of Quartz Single Crystals 
The data on the stress - strain behavior at 300 MPa confining 
0 - 5 - 1 pressure , 900 C and 10 s strain rate of the natural and synthetic 
quartz after 1500 MPa heat treatment are still very limited . However , 
there is sufficient duplication of experiments to permit some general 
comments on the strength properties of specimens heat treated under 
high pressure hyd r othermal conditions. 
The most striking effect is that 1500 MPa heat treatment , both 
with and without added water inside the specimen capsule, has 
considerably strengthened the synthetic quartz, in spite of increases 
in the total hydroxyl concentration in the specimens cooked with a 
talc confining medium . The resulting flow stresses are in fact quite 
similar to those obtained for natural specimens with diffused-in 
water and similarly indicate failure dominated by microcracking 
rather than through extensive plastic flow, giving a plastic strength 
for the crystal not greatly reduced below the strength of dry natural 
quartz . This suggests that the hydroxyl accounting for the weakness 
of the synthetic quartz prior to heat treatment has been reorganised 
into a non- weakening form under either the conditions of heat 
treatment or the conditions at some point in the pressure- temperature 
path to and/or from the run conditions . As care was taken to maintain 
sufficiently high confining pressure during heating and cooling to 
suppress the precipitation that has been observed during low pressure 
heat treatment, it is tempting to speculate that these specimens have 
been "normalised" or "equilibrated" in respect of their water content 
at the high pressure heat treatment conditions. This re-equilibration 
during heat treatment is not evidenced by the formation of 
precipitates on the transmission electron microscope scale, al though 
similar observations after subsequent deformation revealed a high 
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density of precipitates, possibly accounting for much of the initial 
hydroxyl concentration. Infrared observations also suggest that the 
1500 MPa heat treatment causes a reorganisation of the hydroxyl 
components, with a reduction in the broad absorption band at lower 
wavenumbers -1 ) ( around 3000cm and a corresponding increase in the 
-1 3440cm sharp bands; this was observed to be a sluggish process, 
with 8 hours of heat treatment resulting in significantly more 
alteration than 4 hours, as noted from both the infrared and strength 
measurements. 
The apparent implication of these results is that the hydroxyl 
defect structure causing the anomalous weakening in "wet" synthetic 
quartz is not the same defect that is correlated with the induced 
"hydro lytic " weakness in quartz at high pressure, but rather a 
meta-stable defect, introduced during the relatively fast 
non-equilibrium growth of the crystals. This meta-stable defect seems 
to be re-equilibrated at the 1500 MPa heat treatment conditions into 
a form that no longer shows the pre - treatment weakness in subsequent 
deformation experiments at low pressure . The need to go to 1500 MPa 
to bring about the reorganisation suggests that this process may be 
dependent on the diffusion occurring on the millimeter scale, such as 
would be required to transport some component to the surface of the 
specimen, al though it is not clear why such a component would not 
precipitate locally if it were present unstably . 
The possibility that there are two different hydroxyl weakening 
defect structures appears consistent with the previously proposed 
model for the diffusing hydroxyl species which predicts a dependence 
of the concentration of the diffusing species on the concentration of 
some water-derived ionic species in the free water around the 
specimen, and also predicts very low concentrations for the diffusing 
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species at low pressures . However, this does not appear cons is tent 
with the observation of Kekulawala et al . (1981) that synthetic 
quartz strengthened by heat treatment at room pressure can be 
partially reweakened during subsequent heat treatment at 300 MPa, as 
this implies that the synthetic quartz weakening defect is stable at 
300 MPa confining pressure. Consequently, it is difficult to 
understand why this defect does not appear to be stable at the higher 
confining pressure of 1500 MPa . 
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Hydrolytic Weakening of Quartz 
Through heat treatment experiments on natural and synthetic 
quartz specimens at 1500 MPa and subsequent deformation at 300 MPa 
confining pressure the structure and kinetics of the weakening 
defect/defects have been systematically investigated, resulting in a 
better understanding of the hydrolytic weakening phenomenon . 
Kekulawala et al . (1981) established that the water weakening of 
synthetic quartz single crystals could be correlated with the 
concentration of some component of the broad absorption band in the 
infrared spectrum . In this study the rate of diffusion and 
equilibrium concentration of the broad band species have been 
measured for a limited set of rheological conditions . These results 
indicate a diffusivity at 1500 MPa far faster than that measured for 
labelled oxygen in a hydrous environment at low confining pressure 
(100 MPa) and slower than for hydrogen (N2#5) under similar 
environmental conditions . 
The observation of a low wavenumber component (about 3000cm- 1 ) in 
the infrared spectrum of the diffusing/weakening species plus the 
apparent coupling of increasing strength of synthetic quartz with a 
decrease in the broad band at lower wavenumbers suggest that the 
-1 3000cm component of the infrared broad absorption band may be 
correlated with the weakening of synthetic and, perhaps, natural 
quartz, in agreement with the observations of Kekulawala (1978). 
The experiments performed on synthetic quartz suggest that the 
broad band hydroxyl defect that has been correlated with weakness in 
synthetic quartz may not be the same defect structure as that which 
has been observed to diffuse and hydrolytically weaken natural quartz 
( Blacic , 1981 ) , but may be a meta-stable defect formed under the 
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non-equilibrium growth conditions. This does not appear consistent 
with the reweakening experiments of Kekulawala et al. ( 1981 ) . The 
concentration and rate of diffusion of the "hydrolytically" weakening 
defect may depend on the concentration of some water-derived ionic 
+ 
species such as H3o in the free water phase around the specimen; 
this provides a model which can account for the lack of induced 
weakness in quartz crystals in hydrothermal deformation experiments 
at low pressure, and predicts the observed difference between the 
synthetic quartz hydroxyl weakening defect and the high pressure 
"hydrolytic " weakening defect . It also explains the reduced 
equilibrium concentration of diffusing hydroxyl in experiments 
performed using a NaCl confining medium . However, this model does not 
appear consistent with the preliminary results of experiments 
performed at high pressure by Ord and Hobbs ( 1983 , 1984) which show 
an increased solubility of hydroxyl and decrease in strength with 
increase in oxygen fugacity (and presumably with a corresponding 
decrease in the concentration of ionic water-derived species in the 
free water around the specimen). 
CHAPTER 4 
THE ROLE OF WATER IN THE DEFORMATION 
OF OLIVINE SINGLE CRYSTALS 
Introduction 
Upper Mantle Environment 
Modelling of upper mantle processes such as large scale 
convective flow or accommodation of localised deformations in the 
lithospheric plates, due to processes such as isostatic unloading or 
subduction, requires a knowledge of the rheology of ultrabasic rocks 
containing olivine as the most abundant component (see eg . Ringwood , 
1975). A first approximation to the behavior of these rocks can be 
obtained from experiments on the effects of pressure, temperature, 
strain rate and chemical environment on polycrystalline aggregates 
(dunite) and single crystals of olivine . 
The orthorhombic mineral olivine of the approximate composition 
( 50wt% MgO, 9wt% FeO, 0 . 3wt% NiO, 41 wt<?l Si02 ) is usually considered 
to be the dominant phase in the mantle to a depth of about 375km 
where it transforms to the spinel phase ( see eg . Ringwood, 1975) . 
This depth range includes the lithosphere and upper asthenosphere, 
and suggests pressures in the range 1 to 14 GPa, temperatures between 
600 and 1300°C, differential stresses from approximately 1 to 
- 12 - 16 - 1 ( 100 MPa, and strain rates of the order of 10 to 10 s Goetze, 
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1978). Oxygen fugacity conditions in the upper mantle have been 
calculated to lie between the quartz-fayali te-magneti te ( QFM) buffer 
(Haggerty, 1978; Arculus et al . , 1982; O'Neill et al. , 1982; Eggler, 
1983) and the iron- wilstite (IW) buffer (Ulmer et al . , 1980; Koseluk 
et al . , 1979; Arculus and Delano, 1 981 ; Arculus et al. , 1982; O'Neill 
et al . , 1 982), spanning a range of five orders of magnitude in oxygen 
fugacity . The effects of trace quantities of water on the properties 
of materials representative of the upper mantle is also important as 
water concentrations in the range 0 . 1 to 0 . 2 weight percent are 
likely to occur in the upper mantle or lower crust (Ringwood, 1966; 
Harris and Middlemost , 1969 ; Wyllie, 1971 ) . 
Olivine Deformation 
1) Single Crystal Studies 
Early studies on the deformation of olivine single crystals under 
"dry" (as received) conditions were performed by Phakey et al . (1972) 
on synthetic single crystals of forsterite at high pressure in a 
solid medium apparatus , and by Kohlstedt and Goetze (1974) on 
specimens of San Carlos olivine , a natural peridot from Arizona, in a 
high temperature, atmospheric pressure apparatus . Blacic (1972) 
investigated the strength characteristics of several single crystal 
specimens of olivine from Balsam Gap, North Carolina, in a high 
pressure solid medium apparatus . The infrared spectra of his " as 
received" specimens showed broad band hydroxyl absorption in the 
3 micron region, similar to that observed in synthetic quartz . Blacic 
deformed specimens in both the "as received" condition and after 
drying at elevated temperatures to remove the hydroxyl, finding 
significant strengthening due to drying . This he took to indicate a 
water weakening effect in olivine parallel to that observed for 
1 04 
natural single crystal quartz . 
In a more comprehensive study , under conditions of controlled 
oxygen fugaci ty at atmospheric pressure and with temperatures from 
1150 to 1600°c, Durham and Goetze (1977) investigated the slip 
sys terns operative in the "dry" deforrna tion of San Carlos olivine by 
carefully orienting specimens so that the maximum principal stress 
direction was either parallel to one of the crystallographic axes, or 
at 45° to two axes and 90° to the third. From their strength 
measurements and transmission electron microscopy (Durham et al ., 
1977) they determined that the dominant slip system at temperatures 
above 1200°C was ( 01 0 ) [ 1 00 J, compared to the ( 110) [ 001] system 
operative at temperatures below 1000°c (Phakey et al., 1972). The 
microstructural investigations by Durham et al ., (1977) indicated 
that for specimens oriented in the 45° directions the subgrain 
structure present in the starting material was lost within the 
initial 2 to 4% strain, and that there was no formation of long range 
structures up to maximum strains of 50% . 
The effect of variation in the oxygen fugacity on the strength of 
single crystals was first investigated by Kohlstedt and Hornack 
(1981 ), at temperatures from 1250 to 1400°c, on specimens of San 
1 /6 Carlos olivine . They established an f 0 dependence of creep rate on 2 
oxygen fugaci ty , as suggested by the point defect models of Stocker 
( 1978) . No similar dependence has been found for the fors teri tic end 
member of the iron- magnesium olivine solid solution series (Ricoul t 
and Kohlsted t, 1984) . Further creep experiments at high temperature 
and variable oxy en fugaci ty under "buffered" conditions with olivine 
specimens in contact with either MgO or enstatite (Ricoult and 
Kohls ted t, 1 984) have shown no dependence of creep rate on oxygen 
fugacity for "buffered " experiments, and a significantly higher 
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strength for specimens "buffered" by MgO . 
Recent work on the effects of water on single crystals of olivine 
under conditions of controlled oxygen and water fugacities has 
produced conflicting results. Justice et al. (1982) reported no 
difference in the one atmosphere creep strength of olivine specimens 
deformed in anhydrous CO/CO2 and hydrous H2 /H20/Ar atmospheres, under 
the same conditions of temperature, stress and oxygen fugacity. 
Infrared spectroscopy of their specimens indicated no increase in the 
hydroxyl concentration within the bulk of their specimens, despite 
the formation of hydrous surface phases during "wet" deformation. In 
similar experiments Poumellec and Jaoul ( 1984) found a reduction in 
creep rate by a factor of two for specimens in a H2 /H20/Ar atmosphere 
containing about 1 % H2o, compared to samples deformed in CO/CO2 at 
the same oxygen fugacity. Infrared techniques were not used to 
characterise their specimens either before or after deformation. They 
suggested that the sea tter in the data of Justice et al. ( 1982) was 
large enough to obscure the magnitude of the weakening effect. 
2) Polycrystal Studies 
The results of experiments performed on dunites indicate that 
olivine-rich rocks deform more readily in the presence of water than 
under dry conditions ( Carter and Ave' Lallement, 1970; Blacic, 1972; 
Post, 1977; 
reported by 
Chopra and Paterson, 1981 ; 198 4 ) . The 
Carter and Ave'Lallement ( 1970) and Post 
experiments 
( 1977) were 
performed in solid medium apparatus (Griggs, 1967) using a 
dehydrating medium to provide a "wet" environment around the 
specimens at high temperatures. The lower strength of samples in 
hydrous assemblies was accompanied by a decrease in the activation 
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energy for creep and, in the case of Carter and Ave'Lallement's data, 
a decrease in the stress exponent, n . A number of experiments 
performed by Blacic (1972) on both single crystals and aggregates of 
olivine in a solid medium apparatus at high pressures indicated that 
the weakening mechanism was not wholly related to grain boundary 
effects but had some intracrystalline component . 
The results of expe r imen ts performed by Chopra and Paterson 
(1981 , 1984) in a gas medium apparatus also showed a marked reduction 
in strength when their duni tes we r e deformed under hydrous 
conditions , with a corresponding decrease in the activation energy 
for creep . They correlated this effect with the presence of a broad 
isotropic absorption band in the 3 micron region of the infrared 
absorption spectra of their specimens . In the latter paper they 
observed that if the weakening was purely an intragranular effect the 
intracrystalline diffusion coefficient for hydroxyl species must be 
very high (>10- 11 m2 s - 1 at 1000 to 1400°c and 300 MPa confining 
pressure) , and commented that their observed grainsize dependence of 
flow under wet conditions could not be explained with a model 
incorporating only intracrystalline weakening . Under similar 
experimental conditions Karato and Paterson (1984) deformed synthetic 
olivine polycrystal aggregates, fabricated from powders of San Carlos 
olivine , and found similar strengths to those of Chopra and Paterson 
(1981, 1984) for their coarse grained specimens ( >50µm ) under hydrous 
and anhydrous deformation conditions . They also found a change in 
deformation mechanism to grainsize dependent flow for their finer 
grained aggregates . 
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3) Water Weakening of Olivine Single Crystals 
On the basis of the available models for possible hydrous defect 
species in olivine (Hobbs , 1984a ; Poumellec and Jaoul, 1984) it may 
be expected that experiments conducted at higher confining pressures, 
and hence higher fH O than in previous experiments examining the 2 
effect of water on the deformation of olivine single crystals 
( Justice et al., 1982; Pournellec and Jaoul, 1984), would provide a 
larger difference in creep properties between experiments conducted 
in hydrous and anhydrous assemblies, while maintaining f O in the 2 
olivine stability field. 
The use of a high pressure inert gas medi urn apparatus allows 
adequate control of pressure, temperature and strain rate but 
precludes the use of gas mixtures to control the fugaci ties of the 
component gases. Some control over the oxygen fugacity can be 
obtained by judicious use of metal/ metal oxide solid buffers 
(Eugster and Wones, 1962). In experiments on specimens in metal 
capsules a further complication may be introduced by the existence of 
a diffusion couple across the metal or metal oxide/ specimen 
interface which may cause local deviations from stoichiometry 
(Nakamura and Schmalzried , 1983) . In experiments incorporating water 
the high diffusive flux of hydrogen through metal capsules at 
elevated temperatures and hydrogen fugaci ties may also cause 
uncertainties in he determination of both hydrogen and water 
fugaci ties . Under conditions where the oxidation kinetics are slow 
compared to the loss of hydrogen and the dissociation of water the 
oxygen fugacity may also be higher than expected from the solid state 
oxy en buffer . However, in spi e of these problems the present study 
throws some new light on the role of water in the deformation of 
olivine single crystals . 
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Experimental Techniques 
Specimen Preparation 
Specimens were prepared from optically clear single crystals of 
olivine (Fo92 ) from San Carlos, Arizona, that were largely devoid of 
inclusions and imperfections other than millimeter spaced ( 100) and 
(001) low angle boundaries. The crystals were oriented using a back 
reflection Laue x-ray camera, and ground and polished with alumina 
powders giving orientation accuracies of approximately ~3°, limited 
predominantly by cumulative misorientation due to low angle subgrain 
boundaries. Room temperature infrared absorption spectra of the 
crystals in the 3 micron region, obtained using a Pye Unicam SP3-200 
spectrophotometer with computer control and data acquisition, are 
characterised by anisotropic -1 sharp bands at 3580, 3530 and 3490cm 
apparently superimposed on a smooth background (Fig. 4-1). Rotation 
of the crystals in the unpolarised infrared beam to find the 
orientation of minimum absorbance for each of these sharp bands 
indicated that the 0-H bonds were oriented approximately parallel to 
the a crystallographic direction in all cases. The strengths of these 
sharp bands differ somewhat between specimens from the same crystal 
and vary strongly between crystals. No broad absorption band centered 
-1 
near 3400cm was observed in the infrared spectra of any of the 
crystals prior to the experiments. 
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Fig . 4 - 1 : Room temperature infrared absorpti.on spectra of a specimen 
of San Carlos olivine crystal C2 with the infrared beam direction 
parallel o the~ . ~ and c crystallographic directions . 
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Heat Treatment Experiments 
Hydrothermal heat treatment experiments were performed on 
specimens from San Carlos olivine crystal, SC2, at 300 and 1500 MPa 
confining pressure and 1100 to 1300°c . The specimens were prepared as 
cylindrical disks , 5mm in diameter and 3mm thick, with (001) or (010) 
faces (utilising the orthorhombic Pbnm system) . These faces were 
finely polished using alumina powders of 9,5,1 ,0 . 3 and 0 . 05µm 
grainsize to minimise surface damage due to preparation techniques . 
In a number of cases the surfaces were then etched in a hydrofluoric 
acid based etchant . (22g NH4 F per 100ml of 50molar HF) to further 
reduce the possibility of anomalous diffusion effects due to a 
damaged surface layer . 
Specimens for heat treatment were placed in a cannister A 
(Fig . 4-2) of low carbon steel with 10 to 20µ 1 of deionized water; 
steel spacers C were added to fill the additional space in the 
cannister; and a second steel cannister B, machined to give an 
interference fit over the first, was fitted over A. In this way there 
was a maximum overlap of the two cannisters, optimising the sealing 
of the specimen capsule under the applied confining pressure . All 
steel components were pre-annealed at 800°c to aid the initial 
sealing of the capsules until the steel self-welded across the 
interface between the cannisters at elevated temperatures . Al though 
no free water was observed when the specimen capsules were punctured 
subsequent to heat treatment, the presence of both broad and sharp 
band hydroxyl absorption in the infrared profiles for the olivine 
samples is persuasive evidence that the double cannister assembly 
adequately sealed water around the specimens . Capsules were not 
generally welded shut prior to heat treatment due to pro bl ems with 
obtaining good welds on capsules containing water and the possibility 
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Fig . 4 - 2 : Specimen assemblies for the olivine heat treatment 
experiments at 1500 and 300 MPa confining pressure . The iron jacket 
E, capsule A,B and cup D wall thicknesses are exaggerated for 
clarity . The lettered components in the specimen assemblies are 
described in detail in the text . 
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of thermally cracking the specimens . In both 300 and 1500 MPa heat 
treatments, in order to mitigate the problem that steel is permeable 
to hydrogen at the experimental temperatures, the hydrogen fugaci ty 
around the specimens was partially regulated by the dehydration of 
the talc medium external to the cannisters. 
The 1500 MPa experiments were conducted in a solid medium piston 
cylinder apparatus (Boyd and England, 1960) using talc as the 
confining medium, a graphite furnace and a Pt/Pt1 O%Rh thermocouple 
(Fig . 4-2). The 300 MPa heat treatments were executed in a gas 
medium apparatus (Paterson, 1970) with full length iron jacketing 
(Fig . 2-5) (Paterson et al., 1982) and utilising two steel cups D 
(Fig . 4-2) to prevent loss of water from the dehydration of the talc 
components F 
temperature . 
by self-welding 
Temperatures were 
to the iron 
determined 
jacket 
with a 
E at high 
Pt/Pt13%Rh 
thermocouple adjacent to the heat treatment assembly and are thought 
to be accurate to +10°c. An additional 300 MPa experiment was 
conducted at 1300°c with low carbon steel replacing the talc 
components and with no water around the specimen to investigate the 
effect of "dry" heat treatment on the infrared absorption bands in 
olivine. A further heat treatment experiment was executed under the 
same pressure and temperature conditions on an olivine sample in a 
"dry" specimen assembly, welded shut before inserting in the jacket 
in order to ensure sealing from the surrounding talc; of the 
water-related species only hydrogen, derived from the dehydration of 
the talc and diffusing through the steel cannister, would have been 
available o the specimen in this case . 
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The introduction or removal of hydroxyl species from the olivine 
due to heat treatment was moni tared using room temperature infrared 
absorption spectra . Spectra corresponding to the introduced or 
removed hydroxyl species were determined by subtracting the spectrum 
of an untreated specimen from that of the same specimen after heat 
treatment. Correction was made for the additional background in the 
latter specimens, introduced by increased scattering of the infrared 
beam from cracks and impurity phases introduced during the 
experiments , -1 by matching the spectra at 4000 to 3800cm and below 
-1 2800cm , and assuming the additional background to vary linearly in 
between. Quantitative evaluation of the concentration of the 
introduced or removed hydroxyl was done using the equation proposed 
by Paterson (1982) for quartz and other silicates, 
c = 1 J K(v) dv 
150y 3780 - v 
where K(v) is the absorption coefficient of the species at 
-
wavenumber, v , and y is an orientation factor, accounting for the 
orientation distribution of the OH groups . For the isotropic broad 
absorption band, y = 1/3, while for the anisotropic sharp bands, with 
the OH direction approximately parallel to 
~' 
y = 1 /2 was taken for 
the beam direction parallel to b or C (Paterson, 1 982) . When the 
-
beam direction was parallel to a the value of y could not be 
-
determined without a more detailed analysis of the hydroxyl bond 
angle for each sharp band species, so that concentration calculations 
were not made . For the beam direction at 45° to b and c, y = 1 /2 , 
while for the beam at 45° to either a and c or~ and b, y = 1/4 was 
assumed . Calculation of the hydroxyl concentration due to the sharp 
bands was made by fitting a straight line across the base of the 
bands and integrating above this line over the appropriate wavenumber 
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range . 
In order to determine the extent of penetration of the hydroxyl 
species into the heat treated olivine samples, thin layers of 
specimen were polished from each face in turn and room temperature 
infrared absorption spectra measured . This process was continued 
until approximately one half of the sample thickness remained . 
Specimens derived from 1500 MPa heat treatment experiments were often 
badly cracked and required a bakeli te supporting sleeve to prevent 
fragmentation during polishing . Prior to taking infrared absorption 
spectra , these cracked samples were carefully dried under high vacuum 
(approximately 10- 3 Pa) and subsequently impregnated with 
hexachlorobutadiene (c4 c16 ) , an infrared transparent fluid of not 
disimilar refractive index to olivine, to reduce scattering from 
cracks inclined to the infrared beam . 
Deformation Experiments 
Specimens for deformation were prepared as prisms with 
approximate dimensions 5 x 5 x 10mm with the long axis parallel to 
[110 _c, [011 Jc or [101 - c favouring respectively 
(010)[ 100 , (010)[001 J and duplex slip along 
(100)[001] (Durham and Goetze, 977; Durham et 
the slip systems 
( 001 ) ~ 00 ~ and 
al . , 977 ) . The 
orientations r 10 
C' [ 011 ] c and 101 refer 
- C o an imaginary cubic 
lattice and represent directions at 0 two of the 
crystallographic axes an 90° 0 he t hird . pecimen faces were 
polished using alumina powders but were not acid etched . Except for 
the strain ra es epping experiments performed on specimens SC4# 1 and 
SC5# all of the deformation experimen s were execu ed at 1300°c, 
300 MPa confining pressure and -5 -0 s strain rate in a gas medium 
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apparatus (Paterson, 970) . Initially each specimen was deformed to 
approximately 8% strain in the "dry" specimen assembly, incorporating 
a sleeve A (Fig . 4-3) and filler pieces B of low carbon steel around 
the specimen, and 0 . 05mm thick steel spacers C to separate the 
alumina components from the specimen . This assembly was enclosed in a 
full length iron jacket D (Paterson et al . , 1982) . 
components had been pre- annealed at approximately soo 0 c . 
All steel 
Subsequent to the deformation and after dissolving the jacketing 
material in acid , polishing of the specimen faces to reduce light 
scattering and careful drying of the specimen at about 150°c under 
vacuum (approximately 10- 3 Pa), a room temperature infrared 
absorption spectrum was recorded to determine any changes in the 
hydroxyl bands as a result of heat treatment . The specimen was then 
reground to a rectangular prism , repolished and placed in a steel 
cannister E (Fig . 4- 3) with 10 to 20µ1 of deionised water and four 
steel filler pieces G to prevent collapse of the specimen capsule 
under pressure . A second cannister F, machined to give an 
interference fit over cannister E , was fitted over E, giving maximum 
overlap to optimise the sealing of the capsule under the applied 
confining pressure until the steel self- welded across the interface 
between the two cannisters at elevated tempera tu res . This assembly 
was encased in a talc sleeve Hand placed into an iron jacket between 
two steel cups I which were designed to prevent loss of water of 
dehydration from the talc by self-welding to the iron jacket at high 
temperature . The end faces of the steel cups and cannisters were 
reduced to 50µm thickness or less to minimise contributions to the 
stress- strain curve due to the deformation of these components . In 
order to prevent sintering of alumina components together the 
interfaces between pistons and spacers were smeared with graphite . 
The specimen was heat treated at pressure and temperature for 1 hour 
117 
Fig. 4-3: Specimen assemblies for the olivine deformation 
experiments at 300 MPa confining pressure. The wall thickness of the 
steel cannisters E,F and iron jacket D, and the end thickness of the 
steel cannisters E, F and cups I in the "wet" assembly and the steel 
spacers C in the "dry" 
The lettered components 
detail in the text. 
assembly have been exaggerated for clarity. 
in the specimen assemblies are described in 
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and then deformed to approximately 8~ strain . After removal of he 
jacketing material, polishing of the specimen faces and drying at 
approxima ely 150°c under vacuum, a further infrared absorption 
spectrum was recorded to check that hydrous conditions had been 
successfully maintained during deformation . 
Stress- strain curves were obtained for both "wet" and "dry" 
experiments from the load - displacement profiles after subtracting 
displacement contributions due to apparatus distortion, and the 
effect of the strength of the talc and/ or steel components on the 
load . The latter effect was found to be approximately 24kg when 
determining the stress for experiments at 1300°c and 10- 5s - 1 strain 
rate . The contribution to the stress- strain curves due to deformation 
of the steel cup and capsule end faces could not be simply calculated 
because of deviations of the specimen ends from flatness during the 
deformation and no correction has been attempted . Consequently 
overestimates of the specimen strain by up to 2% are expected for 
samples deformed in the "dry" assemblies and up to 3% for the "wet " 
experiments . 
In the case of several additional experiments, performed on 
specimens at higher strain rates of 10- 4 and 10- 3 s - , the strength of 
the jacketing material was extrapolated from the data for 
assuming power law creep with a stress exponent of 4 . 0 . 
- 5 -1 0 s 
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Experimental Results 
Thermodynamic Environment 
After both heat treatment and deformation experiments at 300 MPa 
the specimens , whether under hydrous or anhydrous conditions, 
appeared black and opaque when the iron cannisters were removed . This 
appearance was due to a layer of opaque material approximately 10 to 
20µm thick on the specimen faces which was easily removed using 
polishing techniques to reveal apparently unaltered olivine 
underneath . Investigations of the nature of this surface layer and of 
the adjacent steel enclosing material , using optical microscope, 
scanning electron microscope and electron microprobe techniques, 
yielded the following observations : 
1 . The steel enclosing material which initially contained O. 75wt% 
manganese and no measurable silicon, was found to be totally depleted 
in manganese within 10µm of the specimen/steel interface . 
2 . Some manganese - rich magnesium pyroxene (approximately 12wt% MnO, 
36wt% MgO, 4wt% FeO, 48wt% Si02 ) was formed at the sample corners and 
in the middle of the specimen faces (Fig . 4-4) where there may have 
been segregation of fluid phases . 
5 to Oµm . 
The thickness of the pyroxene was 
3 . Over the entire specimen the surface layer of olivine, including 
that beneath the pyroxene, was high in manganese and depleted in 
magnesium and iron relative to the s ar ing material ; the composition 
of the olivine in the surface 5µm was approximately (4wt% MnO , 
49wt<t gO, 7wt% FeO, 40wt% Si02 ) compared to an initial composition 
prior to treatmen of (49 . 8w 1 gO, g . Owt% FeO, 0 . 3wt% NiO , 
40 . 9wt% Si02 ) . The deviations from the initial composition were 
1mm 
Fig . 4 - 4 : Reflec ed ligh ima e o f the ( 00 ) face of San Carlos 
olivine specimen C5 # subsequen to "wet " deforma ion at 1300 °c and 
300 MP a confining pressure . There is a fine layer of pyroxene (pyx ) 
in he center of he specimen face and along he edges , overlying the 
olivine ( OL) . he maximum compressive stress direction was N- and 
parallel o he sample 11 0 direction . 
. C 
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limited to a layer no greater than 20µm thick, with greatest 
deviation at the specimen surface . 
4 . Within the manganese - rich olivine there was a high density of 
small iron- nickel precipitates ranging in diameter from sub-micron to 
several microns (Fig . 4 - 5) , with the larger precipitates, which were 
more iron- rich, occurring nearer the surface or along low angle 
boundaries decorating the dislocation substructure (cf Boland and 
Duba , 1 984 b) . Although precipitation in the bulk crystal was limited 
to less than 20µm from the surface there was evidence for deeper 
precipitation along the subgrain boundaries . No metallic particles 
were seen within the pyroxene phase on the specimen surface . 
5 . In the case of one specimen , SC6#1 , deformed under "wet" 
conditions optical microscopy revealed the presence of a melt phase, 
with characteristic triple junction morphology, and some associated 
recrystallisation (Fig . 4 - 6), along many of the subgrain boundaries 
that contained metallic precipitates . 
6 . No free water was observed when the specimen capsule was punctured 
subsequent to the heat treatment or deformation experiments . 
The talc sleeves derived from "wet" assemblies, subsequent to 
high temperature heat treatment and deformation, were al so studied 
using optical microscope, scanning and transmission electron 
microscope and electron microprobe techniques. These yielded the 
following observations: 
. The talc decomposition products in the bulk material at distances 
greater than about 200µm from the iron jacket or specimen capsule 
cons ti tu ted a uniform fine grained composite A ( < 1 µm grain diameter) 
(Fig . 4- 7) of pyroxene and silica with a 5:2 molar ratio. No MnO and 
less than 1wt% FeO was present in the pyroxene . 
a 
b 
Fig . - 5 : canning electron microscope ima es of he (() 0) face of 
San arlos olivine specimen 
1300°c and 300 MPa confinin 
4# subsequen 
pressure . 
o "we " deforma ion a 
a . Scanning elec ron ima e (SEI) of a region adjacen o a crack in 
the specimen surface (top lef ) . 
b . Backsca ered elec ron ima e 
highligh ing 
a omic weigh 
he me allic precipi a es in 
densi y con ras exhibi e 
of he same region , 
he surface due 0 he 
by he backseat ered 
electrons . The space be ween he scale bars is Om for bo h ima es . 
I , - ,,-
, 
B ...____ 
I . 
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Fi . .1 - 6 : 
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Optical 
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l 
microscope 
o deformation a 
image 
300°c , 
of a 
. J • • 
. ~-.. . . 
. 
• 
,. 
I 
• 
I 
0.1mm 
region of specimen 
/ 
SC6#1 
300 MPa confining pressure and 
-5 -0 s s rain ra e , showing rec rys tal lised olivine grains A formed 
along disloca ion subgrain boundaries B, decorated with metallic 
precipi a es due to the reduction of the olivine . There are also a 
number of cracks C which may have formed during deformation or as the 
thin section was prepared . 
parallel 
photograph . 
0 the specimen 
he ma ximum compressive stress direction , 
0 direction , lies E- W in this 
0.5mm 
Fig . 4 - 7 : Optical microscope image of a region in the decomposed 
talc from around the specimen capsule in the "wet " deformation 
experiment performed on San Ca r los olivine crystal SC5#1 at 1300°c 
and 300 MPa confining pressure . As this material was prepared from a 
slice hrough the talc at a tangent to the specimen capsule , the 
horizontal distances do not accurately reflect the thickness of the 
layers in the decomposed talc . The lettered regions , described in 
detail in the text , show a region of fine grained pyroxene and silica 
A, some fine grained pyroxene B with little associated silica , and 
larger grains of pyroxene C in regions near the jacket ( right ) and 
he specimen capsule (left) . 
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2 . Between approximately 100 and 200µm from the inner and outer edges 
of the decomposed talc there was a region of fine grained pyroxene B 
(Fig . 4 - 7) with about 4wt% FeO and less than 5% excess silica . 
3 . Regions in the decomposed talc that were within about 100µm of the 
iron jacket or specimen capsule were characterised by cracked 
pyroxene grains C (10 to 80µm diameter) (Fig. 4 - 7) , with 
approximately 18wt% FeO and less than O. 1 wt% MnO . There was also an 
inhomogeneous distribution of olivine grains of similar size, but 
more equant and less cracked , within the coarse grained pyroxene , 
with higher concentrations of iron and manganese (about 33wt% FeO and 
0 . 4wt% MnO) . A melt phase , probably formed from the silica component 
in the decomposed talc , was observed along many of the grain 
boundaries and within some of the large pyroxene grains . 
4 . A number of metallic iron blebs of up to 30µm diameter could be 
seen dispersed throughout the talc decomposition products . 
Observations of the talc starting material suggest that these 
metallic particles were present in the talc prior to experimentation . 
5 . Scanning and transmission electron microscopy and electron 
microprobe analysis of the decomposed talc adjacent to the iron 
jacket established the presence of wustite and silica phases, but no 
fayali te or ferrosili te could be specifically identified . The 
morphology of the iron jackets subsequent to experimentation 
indicated that there may have been pooling of fluid phases between 
the outer surface of the talc and the jacket . 
6 . Although no water was observed when the iron jackets were 
punctured subsequent to the experiments, a hiss of gas was heard in 
several cases, and in one instance the talc assembly was ballooned 
out, indicating the presence of a gas phase during depressuring . The 
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infrared spectrum of some of the talc from a deformation experiment, 
after careful preparation under non-hydrous conditions , showed a 
-1 
strong broad absorption band centered near 3400cm , indicating the 
presence of hydrous phases and/or water . 
Heat Treatment Experiments 
Al though no free water was observed when the specimen assemblies 
were punctured there were notable changes in the room temperature 
infrared abso r ption spectra for the specimens from the SC2 crystal 
after removal of the superficial manganese - rich layer . The sharp 
- 1 bands at 3580 , 3530 and 3490cm were strongly enhanced , new bands 
appeared - 1 at 3615 and 3395cm and a broad isotropic band centered 
around - 1 3400cm was formed (Figs . 4 - 8,9) . The homogeneity of the 
hydroxyl in seven specimens which had been heat treated at either 300 
or 1 500 MPa was investigated by successively reducing the thickness 
of each sample by polishing thin layers from each face in turn, 
drying the specimen and recording a room temperature infrared 
absorption spectrum . There was no detectable change in absorption 
coefficient in either the sharp or broad absorption bands as a 
function of distance into the samples despite a reduction in specimen 
thickness by a factor of two in each case . 
Since the water-related defect species had completely permeated 
the specimens on the timescal e of the experiments, the concentration 
in solution can be calculated from t he a bsorp ion coeffi c ien t s using 
the formulation by Paterson ( 1 982 ) previously cited, on the 
assumption that the absorption f e atures near 3 400 and 3 600 cm we re 
due totally to 0 - H vibrations . Calculations of the hydroxyl 
concentration due to the sharp bands were made by fitting a s t raight 
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Fig. 4-8: Room temperature infrared absorption spectra of San Carlos 
olivine specimen SC2#8, i) before heat treatment, ii) after heat 
treatment under hydrous conditions at 1300°c and 300 MPa confining 
pressure for 4 hours, iii) the difference spectrum of the introduced 
hydroxyl, derived by subtractirl€ the spectrum before heat treatment 
from that after treatment and correcting for the additional light 
scattering of the specimen subsequent to the experiment. The infrared 
beam vas parallel to the~ crystallographic axis for the spectra. 
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Fig. 4-9: Room temperature infrared absorption spectra of San Carloa 
olivine specimen SC2#4, i ) before heat treatment, ii ) after heat 
treatment under hydrous conditions at 1300°c and 1500 KPa confinill8 
pressure for 1 hour, iii) the difference spectrum of the introduced 
hydroxyl, derived by subtractill8 the spectrum before heat treatment 
from that after treatment and correct ill€ for the additional light 
acatterill8 of the specimen subsequent to the experiment. The infrared 
bea11 waa parallel to the~ crystallographic axia for the spectra. 
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line across the base of the bands and integrating above this line 
over the appropriate wavenumber range . In this way specimens from 
crystal SC2, heat treated at 300 MP a confining pressure, were shown 
to have total sharp band concentrations, summed over all the sharp 
bands, of 68+5 H/106si , no difference being discerned over the range 
of temperatures within experimental scatter (Table 4 - 1) . The total 
sharp band hydroxyl concentration after heat treatment was found to 
be independent of the initial concentration suggesting that 
saturation had been attained . The isotropic broad band hydroxyl 
concentration , calculated by subtracting the sharp band 
concentration , determined as described above, from the total hydroxyl 
concentration, was found to 
from 80+5 H/1 o6si at 11 oo0 c 
decrease with increase in 
to 30+5 H/106Si at 1300°c . 
temperature 
Al though no 
bubbles containing molecula r water were observed in the bulk samples 
by optical microscopy and low temperature infrared spectroscopy , some 
precipitates were seen in specimen SC2#13 using transmission electron 
microscopy , which may have accounted for the higher broad band 
concentration than the higher temperature specimens . Due to sample 
preparation problems it was not possible to establish definitively 
whether the higher temperature specimens SC2#6 , SC2#7 and SC2#8 
contained similar precipitates . Acid etching prior to heat treatment 
was found not to affect the infrared absorption spectra of the 
treated specimens . 
Several additional 300 MPa heat treatment experiments were 
performed on olivine specimens using different types of specimen 
assembly . One specimen SC2#2, heat treated at 1300°c in a "dry" 
assembly with steel components replacing the talc, gave an infrared 
absorption spectrum without the hydroxyl bands present prior to 
treatment (Fig . 4- 10) . Another sample SC2#11 was sealed in a steel 
capsule without added water and the assembly welded shut to ensure 
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TABLE 4- 1 
300 MPA HEAT TREATMENT EXPERIMENTS 
Specimen Temperature Duration Broad Band Sharp Band 
Hydroxyl Hydroxyl 
(oc) (hrs) (H/106si) (H/106si) 
Starting Material 
SC2 
- - 0 25 - 35 
After Dry Heat Treatment 
SC2#2 1300 3 . 75 0 0 
After Wet Heat Treatment 
SC2#12 1100 4 . 0 <120 60 
SC2#13 1100 4 . 0 80 71 
SC2#6 1200 4 . 0 36 67 
SC2#7 1300 3 . 5 27 65 
SC2#8 1300 4 . 0 29 68 
SC2#10 1300 4 . 0 35 70 
After Dry Heat Treatment in Talc 
SC2#11 1300 4 . 0 1 1 57 
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against permeation of water from the talc along the interface of the 
two cannisters to the specimen . The infrared spectrum of the heat 
treated specimen 
60 H/106si, and 
(Fig . 4 - 11) . 
showed sharp bands, corresponding to approximately 
a broad absorption band indicating 11 H/106Si 
Specimens from crystal SC2 , heat treated under hydrous conditions 
at 1500 MPa confining pressure, showed similar features in the 
infrared absorption spectra to the "wet " 300 MPa samples, al though 
hydroxyl concentrations were much higher for the same temperature 
(Fig . 4 - 9) . Only three successful experiments were conducted at 
1500 MPa , one at each of 1100 , 1200 and 1300°c, the two latter 
yielding specimens that were very badly cracked, with approximately 
90 to 95% effective screening of the infrared beam due to light 
scattering from the cracks and opaque material within the cracks . In 
the 1 oo0 c experiment the furnace failed during heat treatment 
resulting in the puncturing of the specimen capsule as the assembly 
quenched . Consequently the infrared broad and sharp band 
concentrations of 35+10 and 36+2 H/106si respectively for this 
specimen may give an underestimate of the solubility of the 
associated defect species under these conditions . Infrared spectra of 
the 1200 and 1300°c specimens yielded 50+25 and 270+25 H/106si 
for the broad absorption band and 00+ 5 and respectively 
30+40 H/106Si respectively for the sharp bands . The quoted errors 
reflect the seat er in the da a obtained from spectra taken during 
the sequential thinning of the specimens in attempting to determine 
the extent of diffusion . As no all of the adsorbed water on the 
crack faces of the 200 and 300°c specimens could be removed using 
vacuum techniques and hydrous phases may have formed along crack 
faces during hea treatment, the concen rations for broad band 
hydroxyl represent maxima for the solubility of the associated 
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defects in the olivine crystal under these conditions. However, 
assuming that only a mono layer of hydroxyl remained on the crack 
faces subsequent to evacuation, the crack densities of the two 
specimens would account for a maximum of 10 H/1 o6si due to adsorbed 
water. 
Deformation Experiments 
Fifteen deformation experiments were performed in a gas medium 
apparatus at 1300°c, 300 MPa confining pressure and -5 -1 10 s strain 
rate on seven specimens derived from four large single crystals of 
San Carlos olivine (Table 4-2). The specimens were oriented with the 
maximum principal compressive stress direction parallel to [101 Jc' 
[110]c or [011]c and were deformed under anhydrous and hydrous 
conditions consecutively. One specimen, SC4#2, was deformed only 
under anhydrous conditions to obtain a specimen with microstructure 
derived from only "dry" deformation for electron microscope studies. 
Specimen strain was measured subsequent to deformation from the 
shortest sample dimension parallel to the maximum principal 
compressive stress direction. The flow stresses at 5% strain, 
reported in Table 4-2, were calculated from the measured specimen 
strain rather than the stress/ strain curves, as the con tri but ion to 
the stress/strain curves due to deformation of the steel cup and 
capsule end faces could not be simply calculated because of deviation 
of the specimen ends from flatness during the deformation . The 
results of the deformation experiments for each ori entation a re 
discussed below : 
i) [101 ] : 
C 
Two specimens from the SC3 crystal and one from the SC4 
crystal were deformed under anhydrous and then hydrous conditions, as 
described in the previous section , giving flow stresses of 
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TABLE 4- 2 
DEFORMATION EXPERIMENTS AT 1300°C 
* * Run Specimen Applied Deform . Strain Specimen Flow o(Dry} 
No . Number Stress Cond . Rate Strain Stress o(Wet) 
Direction 
( s - 1 ) (%) (MPa) 
4799 SC3#1 [ 101 ] DRY 10- 5 8 . 7 94 
4845 SC3#1 [ 101]c WET 10- 5 _3 . 5 43 2 . 2 C 
4807 SC3#2 [ 101 ] DRY 10- 5 5 . 9 97 
4837 SC3#2 [101]c WET 10- 5 5 . 4 56 1 . 7 
C 
4904 SC4#1 [ 101 ] DRY 10- 5 _4 . 5 100 
4906 SC4#1 
~101]c WET 10- 5 _4 . 0 42 2 . 4 
4904 SC4#1 101 r DRY 10- 4 _5 . 0 182 
4906 SC4#1 101 C WET 10- 4 _4 . 5 94 1 . 9 
4906 SC4#1 [101]c WET 1 o- 3 _6 . 0 169 
C 
4860 SC4#2 [ 101 ] DRY 10- 5 8 . 0 87 C 
4894 SC5#1 t 110 l DRY 10- 5 7 . 3 83 4896 SC5#1 110 C WET 10- 5 _6 . 4 58 1 . 4 
4896 SC5#1 [11o]c WET 10- 4 _6 . 0 14 1 C 
4884 SC5#2 [ 110 ] DRY 10-5 6 . 1 80 
4893 SC5#2 [11o]c WET 10- 5 6 . 6 50 1 . 6 C 
4865 SC6#1 [ 011 ] DRY 10- 5 4 . 9 342 
4868 SC6#1 [011]c WET 10- 5 4 . 5 135 2 . 5 
4876 SC6#1 011 r "DRY"+ 10- 5 5 . 5 270 
4880 SC6#1 . 011 C WET 10- 5 3 . 6 136 2 . 5 C 
* at 5% strain 
+ partially dried specimen, see text 
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Fig. 4-13: Stress/strain curves for San Carlos olivine specimens 
SC5#1, SC5#2, oriented with the maximum compressive stress direction 
parallel 
conditions , 
rate. 
to f 110 , under hydrous and anhydrous deformation C 
at 1300°c, 300 MPa confining pressure and 10-Ss- 1 strain 
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approximately 100 and 50 MPa respectively (Fig . 4-12) . These results 
indicate a strength reduction in this orientation of approximately a 
factor of two due to the presence of water . A further "dry" 
experiment was performed on specimen SC4#2 which showed close 
agreement with the previous "dry" experiments . 
ii) [ 110] 
C 
Specimens derived from crystal SC5 were deformed in 
this orientation (Fig . 4 - 13) , giving a reduction in flow stress by a 
factor of about 1 . 5 due to the introduction of a hydrous environment . 
iii) [011] : 
C 
As only one crystal of San Carlos olivine of suitable 
shape and size was available for deformation in this orientation, an 
attempt was made to derive as much rheological information from it as 
possible . The one sample that could be prepared from this crystal was 
deformed under anhydrous and subsequently hydrous conditions, as 
d · b d · th · t · followed by a further "dry" and esc ri e in e previous sec ion, 
another "wet " deformation (Fig . 4 - 14) . The redrying after the 
initial "wet" experiment may have been incomplete as it involved heat 
treating the specimen for only 1 hour at temperature prior to 
deformation . The sample deformed in this orientation showed the 
largest effect due to the introduction of a hydrous environment, with 
strength reduction by a factor of 2 . 5 . 
In order to investigate the dependence of stress on strain rate 
at constant temperature under hydrous and anhydrous conditions , 
stepping experiments were performed on two specimens, where several 
strain rates are investigated in one experiment . Specimen SC4#1, 
oriented with maximum principal stress direction parallel to [ 101 c, 
was deformed at 10- 5 and - 4 -1 0 s consecutively under anhydrous 
conditions, returned to room pressure and temperature, reshaped to a 
rectangular prism, reassembled and deformed sequentially at - 5 0 ' 
10- 4 and 10- 3s- 1 under hydrous conditions (Fig . 4 - 15) . Specimen 
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Fig . 4-14: Stress/strain curves for San Carlos olivine specimen 
SC6# oriented with the maximum compressive stress direction 
parallel to [ 011 Jc , under hydrous and anhydrous deformation 
conditions, at 1300°c, 300 MPa confining pressure and 10 - 5s- 1 strain 
rate . 
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Fig. 4-15: Stress/strain curves for San Carlos olivine specimen 
SC4#1, oriented with the maximum compressive stress direction 
parallel to [ 101 Jc, at 1300°c, 300 MPa confining pressure and 10-4 , 
10-5s- 1 strain rate under anhydrous conditions and 10-3, 10-4, 
10-5s-1 strain rate under hydrous deformation conditions. 
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Fig. 4-16: Stress/strain cu rves for San Carlos olivine specimen 
SC5#1, oriented v ith the maximum compressive stress direction 
parallel to [ 110 ] , at 1300°C, 300 MPa confining pressure and 10-5s- 1 
C 
strain rate under anhydrous conditions and 10- 4 , ,o-5s- 1 strain rate 
under hydrous deformation conditions . 
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SC5#1 , with maximum principal stress direction parallel to [ 110 J c, 
was deformed at 1 o- 5s - 1 , returned to room pressure and temperature, 
reground to a rectangular prism, reassembled and deformed at 10-5 and 
1 o-4 s- 1 consecutively under hydrous conditions (Fig . 4-16). Assuming 
power law creep to be the dominant flow mechanism under these 
conditions, preliminary calculations gave stress exponents of about 
4 . 0 for "dry" conditions and 2 . 5 to 3.0 for the "wet" experiments 
(Fig . 4- 20) . 
Room temperature infrared absorption spectra were recorded for 
all specimens subsequent to deformation to determine changes in the 
nature and concentration of the hydroxyl defects. Quantitative 
analysis of these spectra to determine defect concentrations 
accounting for the sharp and broad absorption band profiles yielded 
the results given in Table 4 - 3 and illustrated for specimen SC3#2 in 
Fig . 4-17 . Infrared determinations of the concentrations in the same 
crystals prior to experimentation are also given for comparison . 
Error limits of +5 and +10 H/1 o6si for the concentrations of the 
untreated and deformed specimens respectively represent the 
individual reproducibility upon remeasurement of the spectra for each 
sample, but not the scatter between specimens. Increasing crack 
density with higher strains gave degradation of the specimen 
transmittance so that quantitative analysis of spectra was only 
performed when the specimens were sufficiently transmitting to give 
reproducible infrared profiles. 
The only change in the infrared absorption profil e s of the 
specimens due to deformation under anhydrous conditions involved the 
loss of the sharp and broad band hydroxyl profiles if they exist e d in 
the specimen prior to deformation . Changes to the room temperature 
infrared absorption profiles of the specimens similar to those 
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TABLE 4-3 
DEFORMATION EXPERIMENTS 
Specimen Duration Broad Band Sharp Band 
Hydroxyl Hydroxyl 
(hrs) (H/106si) (H/106Si) 
Starting Material 
SC2 
- 0 25 - 35 
SC3 - 0 3 
SC4 - 0 3 
SC5 - 0 34 
SC6 - 0 0 
After Dry Deformation 
SC3#1 6 . 5 0 0 
SC3#2 2 . 0 0 0 
SC4#1 2 . 5 0 0 
SC4#2 3 . 0 0 0 
SC5#1 2 . 5 0 0 
SC5#2 2 . 5 0 0 
SC6#1 2 . 75 0 0 
After Wet Deformation 
SC3#1 3 . 5 <44 32 
SC3#2 2 . 5 <83 39 
SC4#1 3 . 5 - * - * SC5#1 4 . 0 - * - * 
SC5#2 3 . 75 <100 22 
SC6#1 6 . 5 < 11 5 
-* 
* could not be determined as specimen too opaque 
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Fig. 4-17: Room temperature infrared absorption spectra of San 
Carlos olivine specimen SC3#2, i) before heat treatment and 
deformation, ii) after deformation under hydrous conditions at 
1300°C, 300 MPa confining pressure and 10-5s- 1 strain rate, iii ) the 
difference 
subtracting 
spectrum of the introduced hydroxyl, 
the spectrum before deformation from 
derived by 
that after 
deformation and correcting for the additional light scattering of the 
specimen subsequent to the experiment. The infrared beam was parallel 
to the b crystallographic axis for the spectra. 
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observed for "wet" heat treated samples (Table 4 - 3, Fig . 4-17) 
resulted from deformation in a hydrous environment . Hydroxyl 
concentrations associated with the broad absorption band appear to 
span a wide range, from 30 H/ 1 o6Si for SC2 to 115 H/ 1 o6si for SC6 . 
However, the upper range may incorporate additional absorption due to 
molecular water trapped in bubbles in healed cracks or hydrous melt 
phases along subgrain boundaries , as seen in optical and electron 
microscope investigations , and so represents an upper limit for the 
hydroxyl dissolved in the crystal . The concentrations derived from 
the sharp anisotropic bands also appear to vary widely between 
specimens , from 20 H/106Si in SC5 to 70 H/106si in SC2 . 
Discussion 
Thermodynamic Environment 
The surface alterations of specimens derived from both "wet" and 
"dry" experiments indicate reducing conditions with respect to oxygen 
fugacity for the San Carlos olivine of composition (49 . 8wt% MgO , 
9 .0wt% FeO, 0.3wt% NiO, These conditions were 
evidenced by the formation of pyroxene at the specimen surface and 
the existence of iron-nickel precipitates within the surface 20µm of 
the crystal. In a discussion of the thermodynamics of these sys terns 
the "dry" and "wet" assemblies must be treated individually: 
1) Dry Assemblies 
The observation of iron-nickel precipitates near the specimen 
surface and a fine layer of pyroxene suggest f O conditions during 
2 
the experiments near or somewhat below the 
olivine-pyroxene-iron-nickel (OPIN) oxygen buffer (f0 ~ 10-5 · 4 Pa at 2 
1300°c) for olivine of this iron and nickel content (Boland and Duba, 
1984b) (Fig. 4-18). This reduction may have resulted from an 
effective constraining of the oxygen fugaci ty at the slightly more 
reducing iron-wlistite buffer (Eugster and Wones, 1962; Myers and 
Eugster, 1983) (f0 ~ 10-5 · 5 Pa at 1300°c and 300 MPa confining 2 
pressure) . The presence of manganese, derived from the steel capsule 
and filler pieces, is expected to have little effect on the f 0 2 
conditions around the specimen as no free MnO or Mn could be detected 
on the steel or specimen surfaces, the manganese being completely 
absorbed by the olivine and pyroxene phases . 
TEMPERATURE / °C 
0 ,._...--,--...------..---.-------,.--------,------~---, 
1600 1400 1200 1000 800 
-5 
.... OPIN 
...... 
.... 
' 
' 
' 
~ 
Q.. 
....... 
N 
-10 0 
-C, 
0 
_J 
-15 
300 MPA 
CONFINING PRESSURE 
-20"-~~~~---~~~~--~~~~--~~~~--'..._~~~___, 
5 6 9 10 
Fig. 4-18: Oxygen fugacity versus temperature curves for a number of 
solid oxygen buffers at 300 MPa confining pressure: Cu/Cu
2
o, 
copper/copper oxide (Norton, 1955); NNO, nickel/nickel oxide (Huebner 
and Sato, 1970); QFM, quartz/fayalite/magnetite (Myers and Eugster, 
1983); IW, iron/wustite (ibid . ); QFI, quartz/fayalite/iron (ibid.); 
O'PI, olivine/pyroxene/iron for olivine of composition (33wt% FeO and 
no NiO) (Nitsan, 1974); OPIN, the oxygen fugacity at 1300°c for San 
Carlos olivine in equilibrium with pyroxene and a metal with 
iron :nickel ratio of 35:65 (Boland and Duba, 1984). 
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2) Wet Assemblies 
Infrared absorption spectra have established the existence of 
hydroxyl in the decomposed talc and uniform reproducible hydroxyl 
profiles in heat treated olivine specimens, strongly suggesting that 
hydrous environments were maintained in both the specimen capsule and 
the outer talc assembly thoughout the "wet" experiments. The 
observation of metallic iron within the decomposed talc, and olivine 
grains with 33wt% FeO near the specimen capsule suggests an f 
O 
in 
2 
this region below the iron-wusti te ( IW) oxygen buffer but above the 
olivine-pyroxene-iron (O'PI) buffer for olivine with 33wt% FeO, 
0.4wt% MnO and no NiO, giving f 0 in the range 10-
5
·
5 Pa (Myers and 
2 
Eugster, 1983) to 10-6 •5 Pa (Nitsan, 1974) at 1300°c (Fig . 4-18). The 
presence of wusti te on the outer surface of the talc decomposition 
products may reflect a locally higher f 0 (>10-
5
·
5 Pa) due to the 
2 
pooling of fluid phases as suggested by the shape of the iron 
jackets. As the diffusion of hydrogen in iron is known to be rapid at 
o ( - 8 2 -1 1 300 C D ~ 4 x 1 0 m s ; Kiuchi and McLellan, 1 983) , the hydrogen 
fugaci ty in the specimen capsule would be controlled by fH in the 
2 
comparatively larger water reservoir of the outer talc assembly, 
effectively fixing the oxygen fugacity around the specimen at a level 
near that in the talc decomposition products. The reducing conditions 
evidenced by the surface alteration of specimens derived from "wet" 
experiments therefore reflect the imposition of oxygen fugacity 
conditions below the stability field of olivine containing iron and 
nickel (Boland and Duba, 984b) . 
The observations upon which the preceding arguments are based 
reflect the state of an evolving thermodynamic system at the time of 
returning to ambient conditions . The continuous loss of hydrogen from 
the talc assembly in the "wet" experiments raises the possibility 
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that the oxygen fugaci ty may have evolved with time, with parallel 
changes in both fH O and 2 
fH around the specimen . 
2 
Also , the slow 
reduction kinetics of the olivine in both "wet" and "dry" experiments 
suggest that much of the interior of the specimens was not in 
equilibrium with the imposed thermodynamic environment . However, to a 
first approximation the observations on olivine specimens subsequent 
to heat treatment and/or deformation suggest that similar conditions 
with respect to oxygen fugaci ty were experienced in both the "wet" 
and "dry" specimen assemblies with f
0 
~ 10- 6 Pa . 
2 
Diffusion of Water- De rived Defects in Olivine 
Infrared spectroscopic observations coupled with sequential 
thinning of specimens which had been heat treated at 1100, 1200 or 
1300°c and 300 or 1500 MPa confining pressure have established that 
on the timescale of the experiments the defect species responsible 
for the components distinguished in the infrared spectra completely 
permeated the specimens, giving a diffusive pa th length of greater 
than 1 . 5mm for an experimental duration of less than 4 hours . Using 
the approximate solution for diffusion coefficient derived from 
Fick ' s second law, 
where t is the experimental duration and x is the diffusive pa th 
-10 2 - 1 length, a minimum diffusion coefficient of 10 ms is obtained for 
the hydroxyl defect species giving rise to 
absorption band features in the infrared spectra . 
he sharp and broad 
The measured self-diffusion coefficient for oxygen in dry 
forsterite (Sockel et al ., 1980 ; Reddy et al ., 1980; Jaoul et al ., 
1 980 ; 1983 ; Ando et al . , 1 981 ) is at least nine orders of magnitude 
slower than the diffusion rate of the species that give rise to the 
sharp and broad band hydroxyl features in the infrared spectrum at 
experimental temperatures from 1100 to 1300°c (Fig . 4 - 19) . Although 
there are no data available on the effect of water on the diffusion 
rate of oxygen in olivine, the results for oxygen diffusion in quartz 
under " dry" conditions (Haul and Dlimbgen, 1962; Schachtner and 
Sockel, 1977) give diffusivities up to six orders of magnitude slower 
than under "wet " conditions at the same temperature (Giletti and 
Yund , 1984; Dennis , 1984) (Fig . 3-18) . Although it is possible that 
the imposition of a hydrous environment will have a stronger effect 
on the oxygen diffusion in olivine than in quartz, the slow reduction 
kinetics of the olivine specimens heat treated under both "wet" and 
"dry" conditions suggest that oxygen diffuses more slowly in these 
experiments than the defect species that give rise to the hydroxyl 
bands in the infrared absorption spectrum of "wet" heat treated 
olivine . 
Consequently, the diffusing defect species that give rise to the 
hydroxyl bands observed with infrared spectroscopy most likely 
involve fast diffusing species such as octahedral cation vacancies 
(Nakamura and Schmalzried, 1984) and/or hydrogen ions . Although 
Nakamura and Schmalzried (1984) report octahedral cation vacancy 
diffusivities of 5 x 10-12m2s- 1 at 1100°c to 5 x 10- 11 m2s - 1 at 
1300°C, possible fast diffusion pathways such as pipe diffusion along 
dislocations in the low angle boundaries may give an increase in the 
apparent bulk diffusion coefficient of several orders of magnitude, 
assuming that the ratio of dislocation pipe diffusion to bulk 
diffusion in olivine is of the order of 105 (Boland and Duba, 984a ; 
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Fig . 4 - 19 : The self- diffusion coefficients for magnesium, oxygen and 
silicon in forsterite as functions of temperature, plus the results 
for the diffusivity of the hydrous defects in this study (MKP) . Each 
relation is characterised by the initials of the researchers and the 
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et a 1. ( 1 983 ) • 
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1984b), and that the spacing between the low angle boundaries is 
approximately 30µm (Durham and Goetze, 1977) . The octahedral cation 
vacancy/hydrogen interstitial pairs would be charge compensated by 
electron holes following Nakamura and Schmalzried ( 1984) while the 
isolated interstitial hydrogen ions may be charge compensated by 
electrons. 
Water Weakening of Olivine Single Crystals 
Olivine single crystals deformed under hydrous conditions appear 
to be 1 . 5 to 2. 5 times weaker than under anhydrous conditions at 
1300°C, 300 MPa confining pressure and - 5 - 1 10 s strain rate. No 
correlation was found between the starting hydroxyl concentration of 
the specimens and the ratio of "dry" to "wet" strengths. Also, from 
these experiments it was not possible to distinguish whether the 
weakening effects were due to the broad or the sharp band hydroxyl as 
both components were either simultaneously added to or removed from 
the specimens during the deformation experiments . The melt phase and 
the metallic precipitates observed along subgrain boundaries are 
unlikely to have affected the specimen strength as they were limited 
to near surface regions of the samples. 
The strength results show remarkable consistency with experiments 
performed under similar pressure, temperature and strain rate 
conditions in the same apparatus on Anita Bay duni te ( Chopra and 
Paterson, 1981 ; 1984) and on synthetic olivine aggregates (Karato and 
Paterson, 1984) (Fig . 4 - 20) . Both "wet" and "dry" polycrystal 
experiments ave strengths intermediate between the weaker and 
stronger slip systems, indicating the necessity of some slip on the 
more difficult ( 010) [ 001] system in the polycrystals . A comparison 
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Fig . 4- 20 : Differential stress versus strain rate for all 
deformation experiments at 1300°c and 300 MPa confining pressure 
under hydrous and anhydrous conditions . Also included are the results 
by Chopra and Paterson (1984) (CP) and Karate and Paterson (1984) 
(KP) for experiments on polycrystalline olivine using the same 
apparatus under similar conditions . Bracketed numbers indicate the 
maximum compressive stress direction in the experiments . 
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with earlier experiments on natural olivine polycrystals at higher 
confining pressures in solid medium apparatus under both "wet" and 
"dry" conditions (Carter and Ave'Lallement, 1970; Post, 1977; Zeuch 
and Green, 1979) shows reasonable consistency with some of the rather 
scattered high pressure data (Fig . 4- 21a) . The lower temperature 
results of Blacic (1972) and Phakey et al . (1972) were not 
0 
extrapolated to 1300 C due to changes in the dominant slip system in 
olivine near 1000°c (Carter and Ave'Lallement, 1970; Durham and 
Goetze , 1977) . 
There is also close agreement between the results of the "dry" 
experiments and those performed on San Carlos olivine crystals at 
atmospheric pressure by Durham and Goetze ( 1977) for the [ 110 Jc and 
[011 Jc orientations (Fig . 4- 21 b). Differences in the [ 101 Jc data may 
be due to the deviation they found from their flow law for the [101]c 
orientation at temperatures below 1400°c . The results of "dry" 
experiments on San Carlos olivine specimens at atmospheric pressure 
performed by Kohlstedt and Hornack (1981) for the [101]c orientation 
fall within the scatter of the "dry" data for this orientation 
(Fig . 4- 21 b) . The only other results to show weakening of olivine 
single crystals in a hydrous environment were performed by Poumellec 
and Jaoul (1984) at atmospheric pressure with much lower water 
fugaci ties . The dependence of creep rate on the water fugaci ty from 
their results and those at 300 MPa confining pressure can be 
determined approximately, assuming that there are no fluid losses 
from the 300 1Pa assemblies so that the total fluid pressure is equal 
to the confining pressure . Consequently, for experiments conducted 
under "wet" conditions at 1300°c with the oxygen fugacity constrained 
near the iron-wilsti te buffer, comparison of the results for 
deformation experiments performed at 0 . 1 MPa (Poumellec and Jaoul, 
1984) and 300 MPa confining pressure yielded m ~ 1/5, where 
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Differential stress versus strain rate for the hydrous 
and anhydrous experiments at 1300°c and 300 MPa confining pressure, 
a. including the results for duni tes by Carter and Ave ' Lallement 
(1970) (CA) , Post (1977) (P) , Zeuch and Green (1979) (ZG) and Chopra 
and Paterson (1984) (CP) , and 
b. including the results for olivine single crystals by Durham and 
Goetze (1977) (DG), Kohlstedt and Hornack (1981) (KH), Karato et al. 
(1982) (KTF) and Ricoult and Kohlstedt (1984) (RK) . Th e faster strain 
rate data by Ricoul t and Kohlsted t is for a specimen "buffered" by 
ens ta ti te "hi le the slo .,,.er "as "buffered" by MgO. The data points at 
10-5s- 1 strain rate indicate the means of the differential stresses 
for all exper iments in that orientation under those conditions. 
Bracketed numbers indicate the maximum compressive stress direction 
in the experiments. 
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E a: 
assuming a stress exponent n of 2.5 for "wet" olivine deformation 
experiments. As no water was observed around the specimens subsequent 
to "wet" deformation experiments at 300 MPa confining pressure, the 
fluid pressure may have been lower than the confining pressure so 
that m ~ 1/5 must be regarded as a lower limit for the dependence of 
creep rate on water fugacity. 
Some information about the nature of the weakening defect may be 
derived from the flow properties of the olivine under "wet" and "dry" 
conditions. In particular, specimen SC6#1, deformed four times under 
lt t . "dry" a erna ing and "wet" conditions, gave virtually identical 
strengths in the two "wet" deformations, indicating a very rapid rate 
of recovery. Preliminary transmission electron microscope 
investigations of both "wet" and "dry" deformed specimens have found 
enhanced formation of dislocation walls in the "wet" experiments 
despite the reduced stress levels, suggesting higher rates of climb 
under these conditions. The high work hardening in several of the 
"wet" deformed specimens may reflect changing conditions around the 
specimen with respect to oxygen or water fugacity, or may be a 
consequence of interactions of dislocations. More detailed 
microstructural analysis is currently being performed in 
collaboration with Prof . D. L . Kohlstedt using transmission electron 
microscopy to investigate the effects of water on the dis location 
substructure of laboratory-deformed olivine single crystals. 
Speciation of Water-Derived Defects in Olivine 
The room temperature infrared absorption spectra of heat treated 
specimens can be resolved into two distinct components. The 
anisotropic sharp bands near 3400 to 3600cm - 1 indicate a number of 
well defined structural sites for hydrogen in olivine. Differences in 
the energy and hence wavenumber associated with the sharp bands 
reflect variation in the hydrogen bonding character of the 0-H 
interaction. The isotropic broad band observed in the infrared 
spectra of heat treated specimens indicates wide variability in 
hydrogen bonding character and 0-H bond angle with respect to the 
crystallographic axes. 
Specimen SC2#11 was heat treated in a welded steel capsule with 
no added water but encased in talc so that only hydrogen, derived 
from the dissociation of water from the dehydrated talc and diffused 
through the steel capsule, was available to the specimen. The 
observation of similar sharp band concentrations to the "wet" heat 
treated specimens indicates that the sharp bands can be introduced 
from an interaction of the specimen with hydrogen, as observed for 
the sharp band profiles in quartz (Kats, 1962 ; Kats et al., 1962) . On 
the other hand the reduced broad band concentration in SC2#11 
compared to "wet" heat treated specimens suggests a role for a 
water-derived species other than hydrogen in the formation of the 
broad band defect in olivine . It could however also reflect the 
reduced oxygen fugaci ty conditions around the specimen during heat 
treatment compared to experiments conducted with added water . 
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Possible water-derived defect structures in olivine include the 
hydrogen compensated magnesium vacancy proposed by Poumellec and 
Jaoul ( 1984), based on a similar defect site in MgO (Morin et al., 
1 977), and the hydrogen compensated silicon vacancy ( Cohen-Addad et 
al ., 1967; Harmon et al ., 1982; McLaren et al., 1983; Hobbs, 1984a) 
suggested by Beran and Putnis (1983) to account for the sharp 
infrared bands in Red Sea olivine. Both defect structures will give 
rise to infrared absorption profiles in the 3 micron region, with the 
hydrogen compensated silicon vacancy predicted to give predominantly 
sharp bands due to the limited number and well defined structure of 
the hydrogen sites ( Cohen-Addad et al ., 1967; Harmon et al ., 1982; 
Beran and Putnis , 1983); similar conclusions can probably be drawn 
for the hydrogen compensated magnesium vacancy. Other plausible 
hydroxyl defect structures in olivine are possible which may satisfy 
the observations described above. As in the case of quartz the 
water-derived defect or defects that give rise to the broad 
absorption band in the infrared spectrum of olivine remains something 
of an enigma, and will be considered in more detail in the final 
chapter . 
The water-derived defects described above may also account for 
the observed "weakening" effects following the arguments of Hirsch 
( 1979, 1981) and Hobbs ( 1981, 1983, 1984a). Poumellec and Jaoul 
( 1984) have discussed the hydrogen compensated magnesium vacancy in 
terms of deformation mechanisms where the creep rate is controlled by 
either dislocation glide or the climb of dislocations. In particular 
they have determined a correlation between the concentration of these 
hydrogen defects and the electron hole concentration, which can in 
turn be correlated with the concentration of charged kinks and jogs 
along dislocations and hence with the creep rate . Similarly, Hobbs 
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( 1984a) has discussed the hydrogen compensated silicon vacancy and 
the unassociated interstitial hydrogen defect in terms of the 
concentration of charged kinks and jogs along dislocations . His 
calculations al so give a correlation of creep rate with the 
concentration of the hydrogen defects and consequently with the 
applied water fugacity. Parallel arguments can be used for other 
defects that give rise to energy levels within the band gap of 
olivine. 
Detailed calculations of the dependence of the creep rate on the 
water fugaci ty require a knowledge of the nature of the hydroxyl 
defect , the deformation mechanism involved and the defect species 
which establish charge neutrality within the crystal under the 
deformation conditions. It is usual to perform experiments to 
determine empirical values for the water fugacity exponent m and then 
to compare these with model values determined for a specific defect 
to determine the deformation mechanism and the charge neutrality 
conditions involved. The results reported here suggest that the 
fugacity exponent m for the creep of San Carlos olivine at 1300°c is 
equal to or slightly greater than 1 /5 , and that the increases in 
creep rate under hydrous conditions probably result from enhancement 
of dislocation climb through increases in either the jog 
concentration and mobility or the diffusion of the slowest diffusing 
species in olivine due to the presence of water-derived defect 
species . However, due to uncertainty in the accuracy of the 
calculated m from these experiments and those of Poumellec and Jaoul 
( 1984) and the lack of a hydroxyl defect that can be specifically 
correlated with the weakening effect, such calculations were not 
considered to be justified without further more detailed experiments . 
CHAPTER 5 
CONCLUSIONS 
Water in Quartz Single Crystals 
Hydrolytic Weakening of Quartz 
The current suite of experiments performed at 1 500 and 300 MPa 
confining pressure and a limited range of other rheological 
conditions has not been able to solve the riddle of the "hydro lytic 
weakening" phenomenon . It has, however, provided new constraints on 
the nature and behavior of the undefined hydroxyl defect species that 
give rise to the anomalous low strength behavior of natural and 
synthetic quartz: 
1) The diffusion rate for the hydroxyl species that give rise to the 
isotropic broad absorption band in the infrared spectrum of heat 
treated natural quartz specimens appears to be of the order of 10- 11 
to -1 2 2 -1 10 ms at 875°C , 1500 to 2000 MPa confining pressure and 
oxygen fugacity constrained near the Cu/ Cu2o oxygen buffer . A similar 
rate was determined for diffusion into a "wet" synthetic crystal, 
6 despite an initial concentration of 120 H/ 10 Si . 
2) The rate of hydrogen diffusion in quartz under similar high 
pressure hydrothermal conditions has been determined to be faster 
than - 10 2 -1 10 ms from the increase in the sharp band hydroxyl 
absorbance in the infrared spectrum . 
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3) The equilibrium concentration of the diffused-in broad band 
hydroxyl species appears to be approximately 1000 H/1 o6si at 875°C, 
1500 to 2000 MPa confining pressure and with the oxygen fugacity near 
the Cu/Cu20 oxygen buffer . 
4) The parallel increase in oxygen fugacity and decrease in hydrogen 
fugaci ty has been shown to result in a reduction in the equilibrium 
concentration and/or diffusion rate of the diffused - in broad band 
hydroxyl . 
5) Hydrothermal treatment of " dry" natural quartz single crystals at 
1 500 MPa confining pressure has been shown to have only a limited 
effect on the plastic strength of the specimens (>1200 MPa flow 
stress) in subsequent deformation experiments at 300 MPa confining 
pressure . Although there were widespread optical deformation features 
in the samples , most of the shortening was accommodated by 
microcracking near the specimen ends . No evidence for a weak rind 
around a strong interior could be found using optical microscope 
techniques . 
6) Heat treatment of "wet" synthetic crystals at 1500 MPa confining 
pressure appears to result in a slow strengthening of the initially 
weak crystals to a level near that of the hydrothermally treated 
natural quartz crystals; as for the natural samples most of the 
specimen shortening, introduced during deformation at 300 MPa 
confining pressure, appeared to be associated with microcracked 
regions near the specimen ends . 
7) Infrared measurements of the synthetic quartz specimens revealed 
that high pressure heat treatmen had 
reorganisation of the infrared hydroxyl 
strength changes, with an increase in the 
resulted in a slow 
bands parallel 
- 1 
to the 
3440cm bands and a 
decrease in the broad absorption band -1 near 3000cm ; 
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transmission 
electron microscope observations showed that there was no widespread 
precipitation of the initial hydroxyl content of the crystal . 
However , subsequent to deformation at 300 MPa there was a very high 
concentration of precipitates on the electron microscope scale, 
perhaps accounting for much of the initial hydroxyl content . 
These observations have permitted several general conclusions 
about the behavior of the hydroxyl species in quartz single crystals : 
1 ) The diffusion of the hydroxyl species apparently correlated with 
the hydrolytic weakening of quartz at 1500 MPa is considerably faster 
than the measured diffusion rates for oxygen species at lower 
pressures (100 MPa), and slower than the measured hydrogen diffusion 
rate at 1500 MPa . 
2) The equilibrium concentration of the diffused - in hydroxyl species 
at 1500 MPa appears to be greater than at 300 MPa confining pressure . 
3) The increased solubility and/or diffusion rates at 1500 MPa 
confining pressure do not appear to correlate with the fugaci ties of 
the water- derived gases in the specimen assembly; there may however 
be some correlation with the concentration of hydrous ionic species 
in the free water phase around the specimen during hydrothermal 
treatment at high pressure . 
4) The reorganisation of the weakening hydroxyl in the synthetic 
quartz specimens at 1500 MPa into a form no longer promoting weakness 
suggests that the weakening hydroxyl species in synthetic quartz may 
not be the same as the diffused-in hydroxyl producing the high 
pressure "hydrolytic weakening"; the synthetic quartz hydroxyl may be 
a meta- stable defect resulting from the non-equilibrium growth 
conditions (this suggestion is in conflict with the reweakening 
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experiments of Kekulawala et al., 1981 ) . 
On the basis of these conclusions a very rudimentary model is 
proposed for the hydrolytic weakening phenomenon, that appears to 
account for the observations reported here, and much of that reported 
in the literature . This model requires that the equilibrium 
concentration and/ or diffusion rate of the high pressure hydrolytic 
weakening species in quartz, presumed to be the diffusing species 
measured in this research, are dependent on the concentration of 
water-derived ionic species in the free water phase around the 
specimen during hydrothermal treatment, and not directly on the 
fugaci ties of hydrogen , oxygen or water . This provides a mechanism 
that can account for the weakness of dry quartz in a hydrothermal 
environment at high pressure and the high strength under similar 
conditions at low pressure , as the equilibrium concentration of 
weakening defects and their diffusion rates are expected to be very 
low at pressures around 300 MPa . This model also predicts that the 
weakness of the synthetic quartz crystals is due to a different 
hydroxyl species than the high pressure "hydrolytic weakening" . 
However , due to insufficient data it has not been possible to 
adequately test the various models for the "hydrolytic weakening" 
defect itself or for that matter the hydroxyl defect associated with 
the weakness in synthetic quartz . 
Geological Relevance 
Quartz grains in naturally occurring rocks commonly s how 
microstructural features commensurate with widespread plastic 
deformation, implying a low strength for quartz single c rystal s ( l e ss 
than 100 MPa generally) under geological conditions of 450 to 600 MPa 
confining pressure, 0 temperatures from 350 to 650 C, water fugacities 
----
-------
~~--~-----------
from 50 to 500 MPa, and strain rates of the order of 
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-11 -1 1 0 s • 
Experimental modelling of these natural textures requires a necessary 
role for water or some water- derived species to produce sufficient 
weakening for quartz to be ductile at reasonable stress levels . The 
nature of the water-derived defect species that promotes this 
weakness in quartz and its dependence on environmental parameters is 
still poorly understood. 
In the past it has been assumed that "wet" synthetic quartz is a 
reasonable analogue for "hydrolytically weakened" natural quartz and 
that the reason for the lack of weakening of dry natural quartz at 
low confining pressures is the reduced rates of diffusion for the 
appropriate hydroxyl defect. This has produced some conjecture as to 
the existence of a critical pressure (or water fugacity) of weakening 
at about 1000 to 1200 MPa , analogous to the critical temperature of 
weakening (Hobbs and Tullis, 1979). As confining pressures and water 
fugaci ties rarely reach such high values under crustal conditions, 
"hydro lytic weakening" would not be a valid mechanism to explain the 
low strength of quartz in most crustal rheologies . However, the 
present observations suggest a model whereby the equilibrium 
concentration of weakening hydroxyl defects and their rates of 
diffusion in quartz are dependent on the concentration of some ionic 
+ 
species such as H30 in the fluid phase around the crystal . The 
reason for the high strength of hydrothermally treated quartz in the 
laboratory at low pressure is then due to either insufficient 
concentrations of the weakening defects to promote weakness, or 
insufficient mobility of the diffusing defects to aid deformation . 
However , under crustal conditions with much slower strain rates, and 
correspondingly lower dislocation densities, there would not be the 
requirement for such high diffusivities and much fewer of the 
weakening defects would be required to promote the weakening of the 
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quartz crystals , assuming an active role for the hydroxyl defects in 
either dislocation glide or climb . 
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Water in Olivine Single Crystals 
Hydrolytic Weakening of Olivine 
The present experiments performed at 1100 to 1300°c, 1 500 and 
300 MPa confining pressure , with the oxygen fugacity constrained near 
the Fe/FeO oxygen buffer and, for 300 MPa deformation experiments, 
strain rates from 10- 3 to 10- 5s - 1 have established the existence of a 
hydrolytic weakening effect in olivine parallel to that in quartz, 
al though as with quartz it has not been possible to identify the 
intracrystalline hydroxyl defect species responsible for this 
weakening . However, this research has highlighted a number of 
important aspects of the water/olivine interaction : 
1) The diffusion rates for the hydroxyl species giving rise to the 
broad isotropic absorption band and the sharp anisotropic bands in 
the infrared spectrum of heat treated San Carlos olivine specimens 
-10 2 -1 
appear to be faster than 10 m s for confining pressures of 300 
and 1 500 MPa , temperatures from 1100 to 1 300°C and with the oxygen 
fugacity constrained near the Fe/FeO oxygen buffer . 
2) The equilibrium concentration of the diffused - in broad band 
hydroxyl species in crystal SC2 appears to be of the order of 
30 H/106si at 300 MPa confining pressure and 1100 to 1300°C, although 
this band may result from absorption by hydrous precipitates rather 
than unassociated point defects within the olivine ( it has not been 
possible to check this using TEM) . The equilibrium concentration of 
the total sharp band hydroxyl appears to be approximately 70 H/106si 
for SC2 at 300 MP a confining pressure . Heat treatment at 1 500 MP a 
confining pressure resulted in larger sharp and broad band 
concentrations than for the 300 MPa confining pressure experiments . 
In addition, the equilibrium concentrations appeared to vary markedly 
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between the San Carlos olivine crystals . 
3) Deformation under hydrothermal conditions resulted in a reduction 
of flow stress by a factor of 2 to 3 compared to deformation of the 
same specimen under "dry" conditions, at 300 MPa confining pressure , 
1300°c and 1 o - 5s - 1 strain rate . Electron microscope observations of 
the microstructures of deformed specimens revealed enhanced 
subboundary formation in the "wet " deformed specimens , indicating 
that the rate of dislocation climb is increased due to the presence 
of a hydrous environment . 
From these observations some general conclusions can be drawn 
about the effect of a hydrous environment on the behavior of olivine 
single crystals : 
1 ) The hydroxyl species giving rise to the infrared broad and sharp 
bands diffuse far faster in olivine at 1 500 and 300 MPa confining 
pressure than tracer oxygen diffuses in forsterite during room 
pressure hydrothermal oxygen diffusion experiments . 
2) The relatively small difference in the equilibrium concentrations 
of both the sharp and broad band hydroxyl in samples from the 300 and 
1 500 MPa hydrothermal experiments suggests a possible dependence of 
solubility on water or hydrogen fugacity, and not on the 
concentration of an ionic species in the free water phase, as seems 
likely in quartz . 
3) The presence of a hydrothermal environment produces weakening in 
olivine single crystals analogous to the hydrolytic weakening in 
quartz . Preliminary TEM suggests that this weakening may be due to an 
increase in the rate of dislocation climb in the specimens . Although 
in quartz Kekulawala et al . (1981) established that the weakness 
could be correlated with some component of the infrared broad 
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absorption band and not with the sharp bands , this has not been 
tested in olivine . 
4) The preliminary deformation results plus those of Poumellec and 
Jaoul (1984) suggest that 
. 2 . 5 f0 . 2 
scx:a HO 
2 
As f or the hydrolytic weakening of quartz it has not been possible to 
constrain an adequate model fo r the hydroxyl defect associated with 
the water- induc ed weakness in olivine . However , although the two 
weakening phenomena appear quite similar , it does not appear likely 
that they are due to the same water- derived defect species . The 
olivine results reported here can only be taken as a preliminary 
observation , and many more experiments investigating wider ranges of 
temperature , pressure , strain rate , oxygen and water fugacities , are 
necessary before a model for hydrolytic weakening of olivine single 
crystals would be adequately constrained . 
Geological Relevance 
Due to the difficulty in interpreting microstructures of 
olivine- rich rocks which may have undergone marked microstructural 
changes during uplift to the earth ' s surface, it is not possible to 
determine unambiguously the flow mechanisms which dominate 
deformation in mantle rheologies . If intragranular flow mechanisms 
such as dislocation creep are dominant under upper mantle conditions 
(Stocker and Ashby , 1973), the experiments reported here on the 
weakening of olivine single crystals imply a lower flow stress for 
olivine-rich rocks than has previously been measured (for dry olivine 
single crystals) . Researchers working on dunites have known for many 
years that polycrystalline olivine can be weakened by the presence of 
- - - - -·- -
~ - ~~- ~ - ~ - ~~- ~ - ~ - ~~- ~ - ~ - - - - - - - - -
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water, but have been unable to discriminate unambiguously between the 
inter- and intragranular contributions to the flow. This has been 
regarded as an important problem in extrapolation to the upper mantle 
conditions where the grainsizes are expected to be much larger 
( Stocker and Ashby, 1973), so that the grain boundary effects would 
be suppressed. 
Recently, however, Karato and Paterson (1984) have found a 
grainsize dependent flow mechanism in synthetic fine-grained 
polycrystal olivine specimens under laboratory conditions; they have 
shown that this mechanism dominates at small grainsizes and/ or low 
deviatoric stresses, so that this grainsize dependent deformation 
mechanism is predicted to control deformation in the upper mantle 
where the low stresses offset the larger grainsize . However, 
extrapolation of laboratory flow laws to the earth is at best 
hazardous, and under the higher stress conditions likely to exist in 
the upper lithosphere it may be expected that hydrolytically 
facilitated dislocation creep rather than grainsize dependent flow is 
the dominant deformation mechanism, as hydrous conditions are likely 
to exist in the upper mantle and lower crust (Ringwood, 1966; Harris 
and Middlemost, 1969; Wyllie, 1970). 
Clearly much more work needs to be done on water-weakened olivine 
single crystals, with experiments covering a much wider range of 
environmental conditions, in order to determine the flow laws 
operative under laboratory conditions. It would also be of interest 
to perform heat treatment experiments at lower temperatures so that 
measurable diffusion profiles for hydroxyl could be obtained, 
allowing more accurate assessment of the kinetic and equilibrium 
properties of the hydroxyl species causing the weakening . In this way 
it may be possible to isolate the defect species associated with the 
water- induced weakness of olivine single c r ystals . 
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APPENDIX 1 
1500 MPa Heat Treatment Experiments 
Natural Quartz Specimens 
Spec . Press . Temp . Time Assembly Comments 
No . 
(MPa) (oc) (hr) Med . Jack . Cond . 
N2#1 1500 875 9 Talc Cu Water 
N2#2 1500 875 8 Talc Cu Water deformed 
N2#3 1500 875 8 Talc Cu* Talc 
N2#4 1500 875 8 Talc No Water sectioned 
N2#5 1500 875 8 Talc No Talc sectioned 
N2#7 1500 >875 8 Talc Cu Water T/C failure , sect . 
N2#8 1500 )875 7 . 5 Talc Cu Water sectioned 
N2#9 1500 875 8 Talc No Talc sectioned 
N2#10 1500 875 1 Talc Cu Water sectioned 
N2#11 1500 875 4 NaCl Cu Water sectioned 
N2#14 1500 875 8 Talc Cu Water 
N2#15 1500 875 2 Talc Cu Water sectioned 
N2#17 1500 875 4 NaCl Cu Water 
N2#21 1500 875 4 NaCl Cu Water sectioned 
N2#22 1500 875 4 Talc Cu Water sectioned 
N2#23 - - - Talc Cu Water furnace failed 
N2#24 - - - Talc Cu Water furnace failed 
N2#25 -
- - Talc Cu Water furnace failed 
N2#26 -
- - Talc Cu Water furnace failed 
N2#27 -
- - Talc Cu Water furnace failed 
N2#28 2000 875 2 . 8 Talc Cu Wate r sectioned 
N2#29 - - - Talc Cu Water furnace failed 
N2#30 2000 975 4 Talc Cu Water sectioned 
N2#34 1500 875 4 Talc Cu Water Ta inside Cu 
N2#36 1500 900 4.2 Talc Cu Water 
N2#37 1500 900 4 Talc Cu Water 
N2#39 1500 875 7 Talc Cu Water multiple slice, def . 
l 
1500 MPa Heat Treatment Experiments ctd 
Synthetic Quartz Specimens 
Spec . Press . Temp . Time Assembly Comments 
No . 
(MPa) (oC) (hr) Med . Jack . Cond . 
W4#1 1500 875 7 Talc Cu Water deformed 
W4#2 1500 875 8 Talc Cu* Talc deformed 
W4#3 1500 875 4 Talc Cu* Talc sectioned 
W4#4 1500 875 8 Talc Cu* Talc disk spec . 
W4#7 1500 875 4 Talc Cu Dr y$ deformed 
W4#8 1500 875 4 Talc Cu Dr y$ deformed 
* the coppe r assembly was vented to the talc 
$ specimens in dry sealed copper capsules , only hydrogen can 
diffuse into the capsule 
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